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Abstract

This study considers multi-objective Bayesian
optimization (MOBO) through the information
gain of the Pareto-frontier. To calculate the infor-
mation gain, a predictive distribution conditioned
on the Pareto-frontier plays a key role, which is
defined as a distribution truncated by the Pareto-
frontier. However, it is usually impossible to ob-
tain the entire Pareto-frontier in a continuous do-
main, and therefore, the complete truncation can-
not be known. We consider an approximation
of the truncated distribution by using a mixture
distribution consisting of two possible approxi-
mate truncations obtainable from a subset of the
Pareto-frontier, which we call over- and under-
truncation. Since the optimal balance of the mix-
ture is unknown beforehand, we propose opti-
mizing the balancing coefficient through the vari-
ational lower bound maximization framework,
by which the approximation error of the infor-
mation gain can be minimized. Our empirical
evaluation demonstrates the effectiveness of the
proposed method particularly when the number
of objective functions is large.

1. Introduction

Multi-objective optimization (MOO) of black-box func-
tions is ubiquitous in a variety of fields such as materials
science, engineering, drug design, and AutoML. Evolu-
tionary algorithms have been classically studied for MOO,
but they require a large number of function evaluations,
which is often difficult for practical problems. On the
other hand, Bayesian optimization (BO) based approaches
to MOO, which use a probabilistic surrogate model (typi-
cally, Gaussian process), have been widely studied recently
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(e.g., Knowles, 2006; Emmerich, 2005; Ponweiser et al.,
2008; Belakaria et al., 2019; Suzuki et al., 2020; Qing et al.,
2022; Tu et al., 2022).

This study focuses on multi-objective BO (MOBO) based
on the information gain of the Pareto-frontier. Since the op-
timal solution of an MOO problem is not unique in general,
the optimal values are represented as a set of output vec-
tors, called the Pareto-frontier F*. Pareto-frontier entropy
search (PFES) (Suzuki et al., 2020) considers the mutual in-
formation between the Pareto-frontier and a candidate point
as an acquisition function of MOBO. The effectiveness of
the basic idea of PFES has been repeatedly shown (Qing
etal., 2022; Tu et al., 2022).

In the information-theoretic approaches considering the in-
formation of the Pareto-frontier (Suzuki et al., 2020; Qing
et al., 2022; Tu et al., 2022), the predictive distribution
given the Pareto-frontier p(f(x) | F*) plays a key role
in the information evaluation, where f(x) is a vector of
objective function values at the input x. In this distribu-
tion, f(x) cannot be better than F* because F* should be
the Pareto-frontier. Therefore, p(f(x) | F*) becomes a
truncated distribution (see Fig. 1(a) for which details will
be discussed in Section 3.2). However, it is practically im-
possible to obtain the entire /™ in a continuous space, and
we only obtain a finite size subset 7§ C JF* (red stars
in Fig. 1(a)). This means that the exact truncation by F*
shown in Fig. 1(a) cannot be calculated. To avoid this is-
sue, all the existing studies use approximations based on an
overly truncated distribution created by F§ (Fig. 1(d)). A
drawback of this approach is that the effect of truncation
by F* on f(x) is always estimated stronger than the true
truncation, because of which we call it over-truncation.

In this study, we introduce the variational lower bound
maximization approach into the mutual information (MI)
estimation of information-theoretic MOBO, which is called
Pareto-frontier Entropy search with Variational lower
bound maximization (PFEV). In addition to the conven-
tional over-truncation, we also consider a conservative ap-
proach, called under-truncation (shown as Fig. 1(c)). The
under-truncation estimates the effect of truncation by F*
weaker than the true truncation. Therefore, to balance two
opposite approaches, we combine the over and the under-
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truncation in such a way that a mixture of them (Fig. 1(e))
defines a variational distribution of the MI approximation.
We show that the mixture weight can be optimized through
the variational lower bound maximization. This means that
the optimal balance of the over and the under-truncation
can be determined so that the MI approximation error is
minimized.

Our contributions are summarized as follows:

* PFEV is the first approach to continuous space MOBO
that is based on a general lower bound of MI (exist-
ing work only shows a lower bound under a restric-
tive condition of two objective problems, for which
we discuss in Section 4).

* We newly introduce an under-truncation approxima-
tion for p(f(x) | F*). Further, we define variational
distribution as a mixture of distributions with the over
and the under-truncation, and show how to optimize
the mixture weight.

* We also discuss properties and extensions of PFEV.
For example, we show that our MI lower bound can be
further lower bounded by PI (probability of improve-
ment). We also discuss a Monte-Carlo approximation
tailored to our lower bound. We further discuss sev-
eral extended settings such as parallel querying.

* Through empirical evaluation on Gaussian process
generated functions, benchmark functions, and an ap-
plication to machine learning hyper-parameter opti-
mization, we demonstrate effectiveness of PFEV. We
empirically observed that PFEV shows a particular
difference from existing over-truncation based meth-
ods when output dimension > 3, in which the differ-
ence of two truncation becomes more apparent.

2. Multi-Objective Optimization and
Gaussian Process Model

We consider Bayesian optimization (BO) for a multi-
objective optimization (MOO) problem of maximizing
L > 2 objective functions f! X - R (I =
1,...,L), where X C R4 is an input space. Let f, =
(fL ... fE)T, where fL = f!(x). The optimal solutions
of MOO are characterized by the Pareto optimality. For
given f, and f,, if fL > f., forvl € {1,...,L} and
there exists [ that satisfies f, > f.,, then “f_, dominates
fo”, written as f, > f,,. When f_ is not dominated
by any other f_, then f_ is Pareto optimal. The Pareto-
frontier F* is a set of Pareto optimal f, that can be defined
as F* = {f, € Fx | fu ¢ fu,Vfy € Fx}, where
Fx ={fy eRE|Vx € X}.

Each objective function is represented by the Gaussian pro-
cess (GP) regression. The observation of the [-th objective

function is y! = fL + e, where ¢ ~ N(0,02.;..). The
training dataset with n observations is written as D =
{(zi,y;)},, where y, = (y},...,yF)T. We use in-
dependent L GPs with a kernel function k(x,x’). Let
k(z) = (k(z,z1),....k(xzz,) ",y =, ..., vh)T,
and K be the matrix whose (i, j)-element is k(x;, ;).
The posterior p(fL, | D) of the I-th GP (with 0 prior
mean) is written as N (y(x), 07 (z)), where p(z) =
k(xz)" (K+aﬁ0isel)_lyl and o?(xz) = k(z,z) —
k(z)" (K + UﬁoiseI)fl k(x). From independence, we
have p(f, | D) = [l p(fa | D). For notational
brevity, conditioning on D is omitted (e.g., p(f, | D) is
written as p(f))-

3. Pareto-frontier Entropy Search with
Variational Lower Bound Maximization

We consider multi-objective Bayesian optimization
(MOBO) based on mutual information MI(f;F*)
between an objective function value f_ and the Pareto-
frontier F* (Note that, throughout the paper, F* is a
random variable determined via the predictive distribution
of f.). An intuition behind this criterion is to select
x that provides the maximum information gain of the
Pareto-frontier F*. The effectiveness of this approach is
shown by (Suzuki et al., 2020), but it is known that accu-
rate evaluation of MI(f; F*) is difficult. Our proposed
method is the first method introducing the variational
lower bound maximization to evaluate MI(f_; F*). We
call our proposed method Pareto-frontier Entropy search
with Variational lower bound maximization (PFEV).

3.1. Lower Bound of Mutual Information

A lower bound LB(x) of MI(f; F*) can be derived as

MI(f; F*)

B . Yo p(fe | F*) ;
—/p<f )/p(fw |70 e ap 07

_ . Y 1og {2 [ F7)
/p(f)[/p(fm}')lgp(fw) af.
Dis (p(fa | F*) || 4(Fa | F7)))dF*

> Ex- Up(fm | ) log Wdfm}

p(fz)
_ o W I 7 15

where Dyi, is Kullback-Leibler (KL) divergence, and
q(fo | F*) is a density function called a variational dis-
tribution. A similar lower bound was first derived in the
context of constrained BO (Takeno et al., 2022). This lower
bound holds for any distribution ¢(f,, | F*) that satisfies
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the following support condition:

supp(q(f | F*)) 2 supp(p(f, | F*)), (2)

where supp is a set of non-zero points of a given density,
defined as supp(p(f | F*)) = {f € R | p(f | F*) #
0}. In addition to this condition, the lower bound LB(x)
is derived by using the convention 0log0 = 0 (Cover &
Thomas, 2006). We call the condition (2) variational distri-
bution condition (VDC). Note that if VDC is not satisfied,
LB(x) is not defined, because then, the probability mea-
sure induced by p(f,, | F*) is not absolutely continuous
with respect to those of ¢(f, | F*).

3.2. Variational Lower Bound Maximization by
Combining Over- and Under-Truncation

If g(f, | F*) = p(f, | F*) for F* almost every-
where, the lower bound LB(x) is equal to MI(f_; F*).
However, the analytical representation of p(f, | F*) is
not known. This stems from a common well-known dif-
ficulty of information-theoretic BO, and effectiveness of
the truncated distribution based approximation has been
repeatedly shown (e.g., Wang & Jegelka, 2017; Takeno
et al., 2020; Perrone et al., 2019; Suzuki et al., 2020) not
only for MOBO, but also for a variety contexts of BO
problems (such as standard single objective problems, con-
straint problems, and multi-fidelity problems).

Define f < F* as that f is dominated by or equal to at least
one element in F*. The truncation-based approximation
replaces the conditioning in p(f,, | F*) with f, < F*, by
which we obtain ¢(f, | F*) =p(f5 | fu S F*):

. p(f2)/27 (x) it f, € AT,
q(fz | F7) = { .
0 otherwise,

where A7 = {f ¢ RF | f < f,3f € F*} and
77 (x) = p(f, € A7) is the normalization constant.
As shown in Fig. 1(a), ¢(f, | F*) is a truncated nor-
mal distribution in which only the region dominated by F*
remains. Suzuki et al. (2020) call this distribution PFTN
(Pareto-Frontier Truncated Normal distribution). PFTN is
derived by the fact that if 7* is given, any f_ dominat-
ing F* cannot exist. However, J* cannot be obtained in
practice in the continuous domain, and we only obtain lim-
ited discrete points, such as those indicated by the red star
points in Fig. 1(a). A subset of F* defined by these discrete
points is written as 5 C F* (we discuss how to calculate
F¢ in Section 3.3). In this study, we consider combining
two truncated distributions derived from F3, instead of us-
ing F* that is not obtainable.

In Fig. 1(b), the orange dashed lines are examples of possi-
ble truncation behind F¢ and the red dot line is the true F*,
which is unknown. The first truncated distribution is based

4(fu| F")
. ¢ *
A
fa fa
@ (b)
- ‘...*.'." K - ., ....‘
A - @ %
A,
fa 71
(© (e)

Figure 1. (a) Predictive distribution truncated by F*. (b) Ex-
amples of possible truncation given F3. (c) Under-truncation
based on F§. (d) Over-truncation based on F3. (e) Mixture of

qu(fo | F5) and go(f4, | F5).

on the most conservative truncation shown in Fig. 1(c).
This truncation is defined by removing “the region that

dominates F35” (any point that dominates F§ cannot ex-

ist). The remaining region is written as .A';; =R\ {f €
RE | f < f,3f € F&}. The resulting truncated normal
distribution is

Fi . F3
*\ . p(fm)/ZUs(m) lffme'AUSv
qU(fm | ‘FS) T .
0 otherwise,

Fi Fs o
where Z;,° (x) := p(f, € A°). We call this distribution
PFTN-U (PFTN with under-truncation). PFTN-U has a
larger support supp(qu (f, | F3)) 2 supp(p(fz | F*)),
and thus, VDC is satisfied. This truncation is conserva-
tive in the sense that the region where the density function
becomes zero is smaller than ¢(f, | F*), by which it un-
derestimates the effect of the condition f, < 7* on f.

The second truncated distribution is based on the over-
truncation shown in Fig 1(d). This is “the region dominated
by F&”, defined as Agé ={fcRl| f=f,3f c
F§}. The resulting truncated normal distribution is

Fi . Fi

FEY = p(fa:)/ZOS(a:) lf-fm € 'AOS7

qO(fw | S) — .
0 otherwise,

Fs — Fs
where Z,,°(x) = p(f, € Ay®). In contrast to qu, go
overly truncates the distribution in the sense that the region
where the density function value becomes zero is larger
than ¢(f, | F*), by which it overestimates the effect of
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Figure 2. An example of truncation in three dimensional output
space. The resulting truncate regions have a large difference.

the condition f, =< F* on f,. We call this distribu-
tion PFTN-O (PFTN with over-truncation). It is impor-
tant to note that PFTN-O may not satisfy VDC (2) because

supp(qo (£ | F5)) C supp(p(f, | F*)).

As we already discussed, qo and gy over and under es-
timates the truncation by the true F*. Therefore, instead
of using one of them, we consider the mixture defined as
follows:

W (fe | F5) = Au(fa | F5) + (1= Nao(fa | F5),

A 1-X . Fs
A4 1o p(f,) if f, € A5,
(z,fs (@) Z§S<w>> (Fo) ©

Fi . F3 3
€(f4)/Z (@) if £ € Al ©

0 otherwise,
where .AJUT%O = .A{]Tg \.Ag;, and A\ € (0,1] is a weight

of the mixture. Because of A # 0, we have supp(gx(f, |
F§)) 2 supp(p(f, | F*)), meaning that the mixture sat-
isfies VDC. Figure 1(e) shows an example of the mixture.
The effect of PFTN-U and PFTN-O can be controlled by .
In the 2D illustration in Fig. 1, the difference between the
two truncations might appear small. However, as shown
in Fig. 2, in three or more dimensions, the two truncations
are significantly different, obviously (further discussion is
in Appendix L). Therefore, we conjecture that the balance
of them can have a strong effect, particularly for problems
with L > 3.

By substituting ¢x(f, | F¢) into LB(x), we define
LB(x, A) as

LB(z, \)
Tt {Og < p(fz)
— Bz 5, [log{¢] (@)I(f, € AL?)
+ 30 (@)(Fa € ATS0) @)
F§ _ A 1-) F3 _
where (@) = orte T e ™ P = ey

and I is the indicator function. Importantly, the weight
parameter A\ can be estimated by maximizing the lower

bound:

LB(x, 5
e (x,\) )

This maximization implies the following property, which
is a well-known advantage of the variational lower bound
maximization (Bishop & Bishop, 2023):

Remark 3.1. From (1),

MI(f,: F*) =LB(z, \)
+Ez [Dxr (p(F2 | F7) | ax(Fo [ F9))1-

Therefore, (5) is equivalent to

Jnin, Er [DxL (P(Fo | F7) [l ax(Fo [ F))I-

As a result, (5) can be seen as the minimization of difference
between true p(f ., | F*) and q.

Further, we have the following property:

Remark 3.2. (5) can be bounded from below (the proof is
in Appendix A):

LB(z,\) > Er- 7)) > 0.
ax (x,A) 2 Ere |p(fo & AL%)| >
p(fy ¢ A'gé ) can be seen as the probability of improve-
ment (PI) from the region .,455 , from which positivity of (5)
is also directly derived.

While MI has a trivial lower bound 0 in general, this remark
guarantees that (5) is a larger lower bound than this trivial
bound. Further, we can also see that if the candidate x is
promising in a sense of PI, (5) should have substantially
larger value than 0.

As a result, the selection of « is formulated as

max LB(x, \),
x,2e(0,1]

in which @ and X can be simultaneously optimized ((d+1)-
dimensional maximization).
3.3. Computations
We employ the Monte-Carlo (MC) estimation to calculate
the expectation in LB(x, \):
1 j_'-* ~ ]:-*
LB@ )~ = > log{()\s(:c)]l(fw € AL)
(Fs.F)eF
]"_'-x ~ j_‘-x
+ 1 @)(Fa € Ao) |
(6)

where F is a set of sampled pairs of (F3, f), for which
a sample pair is denoted as (F3, f), and K = |F| is the
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i

number of samples. Henceforth, variables with ‘™ in-
dicate sampled values. For F§, the same sampling strat-
egy can be used as existing information-theoretic MOBO
methods (Suzuki et al., 2020; Hernandez—Lobato et al.,
2016), in which a sample path f! is approximately gen-
erated by using random feature map (RFM) (Rahimi &
Recht, 2008). We obtain F¢ by solving the MOO maxi-
mizing sampled f!(z) for | = 1,..., L. This maximiza-
tion can be performed by general MOO solvers such as the
well-known NSGA-II (Deb et al., 2002). In the case of
NSGA-II, |F§| can be specified, typically less than 100.

Computations of Zgg and Z 55 can be easily performed by
the cell (hyper-rectangle) decomposition-based approach
as shown by (Suzuki et al., 2020) for which details are in
Appendix B. This decomposition is only required once for
each iteration of BO because it is common for all candidate
x.

We also consider another way to numerically approximate
LB(x, A) based on the following transformation:

LB(x, \)

which MAP (maximum a posteriori) becomes

A FL
Onvar(fy) = p+ﬂ(fﬂ;€ Ao )~

The detailed derivation is in Appendix~ D.1. 6yap can be

seen as an average of p and I(f, € A]O:S )-
As a result, we obtain

1

LB(x,\) ~ 4 > OMAP(fw)longg(w)

(ﬁ;,})eF
+ (1 — Ouap(Fo)) lognl® (@) = LB(z, \).  (8)

We empirically observe that the estimation variance can be
improved by the prior. Instead, the bias to p can occur, but
because the number of samples is usually small (our de-
fault setting is K = 10 in the experiments, which is same
as existing information-theoretic BO studies such as (Wang
& Jegelka, 2017)), variance reduction has a stronger ben-
efit in practice. Further discussion on the accuracy of this
estimator is in Appendices D.2 and D.3.

=Er- ¢, [H(fw € AL%)log ¥ () +1(f, € Ai%o) log 73 ° (w)} The procedure of PFEV is shown in Algorithm 1. Assume

=B [p(f, € AL | F)log (L (@)

+0(F, € ALSo | F*)logn® ()]

1 = ~ =
N 2 e €AG [ F)log (@)
(F&.F)er
+0(fo € ASo | F7)logn® (). ©)

Note that the second line is from I(f, € A]O:E) =1-

I(f, € .Ag%o), and the third line is obtained by replac-
ing Er« g with Ez<Ef 7. Since (6) can be rewrit-

~ Fx ]':-* ~
ten as - Z(i‘g,})eF I(f, € Ap®)log (% () + I(f, €
Ag%o) log nf; (x), by comparing this re-written expres-
sion with (7), we can interpr?t that (6) performs 0ne-sample
approximations p(f, € AL° | F*) ~ I(f, € AL®) and
p(fe € A[}J—io | F¥) = I(f, € .AjUTio). We consider
improving this approximations by introducing prior knowl-

edge about p(f, € ADY | F*) and p(f, € A3, | 7).

Let 6 :== p(f, € AJOT; | F*). We use an approximation

j:'* ]_"-* ]_"-* ]':-* R
0~ p(fo € AS° | Fo € AY®) = 20° () /2% () = p
as our prior knowledge. The approximation is replacement
of the conditioning by /™ with the under-truncation f, €
Ags. Note that ng (x) and ng (x) are required even
in the naive MC (6), p can be obtained without additional

computations. A prior distribution having the mode at p is
introduced to estimate . We use the beta distribution by

that we already have the posterior mean and variance of
the GPs. Then, computations of (8) is O(KXCL), where
C' is the number of hyper-rectangle cells in the decompo-
sition. For the cell decomposition, we employ the quick
hyper-volume (QHV) algorithm (Russo & Francisco, 2014)
as indicated by (Suzuki et al., 2020). Sampling of F’ re-
quires O(D?) for RFM with D basis functions and the cost
of NSGA-II is also required. We empirically see that, for
small L, the computational cost of NSGA-II is dominant,
and for large L, QHV becomes dominant, both of which
are commonly required for several information-theoretic
MOBO (Suzuki et al., 2020; Qing et al., 2022; Tu et al.,
2022). Compared with them, the practical cost of the lower
bound calculation in CalcPFEV of Algorithm 1 is often rel-
atively small (see Appendix K.3 for details). As discussed
in the end of Section 3.2, the acquisition function maxi-
mization is formulated as (d + 1)-dimensional optimiza-
tion (line 10 of Algorithm 1). On the other hand, it is also
possible to optimize A for each given x as an inner one-
dimensional optimization. In the latter case, efficient com-
putations can be performed by considering (8) (or (6)) is
concave with respect to A. Further, we can show that the
maximizer of \ exists though the candidate )\ is defined as
a left open interval (0, 1]. Details of these discussions about
the maximization problem of A are shown in Appendix C.

4. Related Work

For MOBO, a variety of approaches have been proposed,
typically by extending single-objective acquisition function
such as expected improvement and upper confidence bound
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Algorithm 1 Pseudo-code of PFEV
1: Function PFEV( Initial dataset Dy ):
2: fort=0,...,T do
3 F+{}
fork=1,...,Kdo
Generate a sample path } from the current poste-
rior of f
6 Obtain F, & by applying NSGA-II to ]N”z
7: Create cell-decomposition by QHV
8.
9

DA

F+ FU(F5 f)
: end for
10: (@t41, A1) < argmax,, y CALCPFEV (z, A; )
11:  Evaluate f, andobserve y,
122 Diy1 < Dy U (Ti41,Ys41)
13: end for
14: Function CALCPFEV(x, \; F):
15: Calculate Zgg (x), Zgé (x), and I(f, € Agg) for
(F&, f) e F
16: return Approximate lower bound (8)

(e.g., Emmerich, 2005; Shah & Ghahramani, 2016; Zulu-
aga et al., 2016; Daulton et al., 2020; Ament et al., 2023).
Information-theoretic approaches (e.g., Hernandez-Lobato
et al., 2016; Belakaria et al., 2019) also have been extended
from its counterpart of the single-objective BO (Hennig
& Schuler, 2012; Herndndez-Lobato et al., 2014; Wang
& Jegelka, 2017). Among these, the most closely related
method to the proposed method is PFES (Suzuki et al.,
2020). PFES can be seen as a multi-objective extension
of the max value based information-theoretic BO, called
max-value entropy search (MES) (Wang & Jegelka, 2017).
Information-theoretic MOBO before PFES and other ap-
proaches are reviewed in (Suzuki et al., 2020). Here, we
mainly focus on information-theoretic MOBO methods af-
ter PFES. A more comprehensive related work including
other information-theoretic methods and other criteria are
discussed in Appendix I.

The MI approximation with PFTN was first introduced
by PFES. On the other hand, the MI approximation is
based on a decomposition into difference of the entropy,
which is a classical approach in information-theoretic BO
(Hernandez-Lobato et al., 2014). In the context of con-
strained BO, Takeno et al. (2022) revealed that the entropy
difference based decomposition can cause a critical issue
originated from a negative value of the MI approximation.
The positivity of PFES has not been clarified. Further,
PFES only uses over-truncation (PFTN-O). Therefore, ef-
fect of the truncation by 7™ on f, is overly estimated.

After PFES, Joint Entropy Search (JES) (Tu et al., 2022)
was proposed in which the joint entropy of the optimal
x and F* is considered. This approach is also only uses
over-truncation. Another approach considering the lower

bound of MI is Parallel Feasible Pareto Frontier Entropy
Search ({PF}2ES) (Qing et al., 2022), which also pointed
out the problem of over-truncation. However, {PF}2ES is
still based only on over-truncation. A shifting parameter
e € RY of the Pareto-frontier is heuristically introduced to
mitigate over-truncation, for which theoretical justification
is not clarified. Further, their criterion is not guaranteed
as a lower bound in general (only when L = 2 with the
assumption | F&| — 00).

5. Discussion on Extensions

PFEV is a general framework so that we can drive exten-
sions for the following four scenarios:

Parallel querying: In parallel querying, we consider
querying multiple points at one iteration, which is an im-
portant practical setting. Suppose that we consider @) > 1
points selection. Let X, = {xV) ... 2@} and H, =
{fzw, o, fuw} for ¢ < Q. The MI for all Q points
MI(Hg; F*) represents the benefit of selecting X, but
this results in a @ x d dimensional optimization problem,
which can be unstable. Instead, we follow the approach in
(Takeno et al., 2022), which is a greedy selection based on
conditional mutual information (CMI). When we select the
(q 4+ 1)-th x after determining (V.. .., x(9), the MI can
be decomposed into

MI(Hq U fo: F*)=MI(Hg; F*)+CMI(f ,; F* | Hy),

where CMI(f,: F* | Hy) = By, [MI(f, F* | H,)] is
the MI conditioned on H,. Since the first term does not
depend on x, we only need to optimize CMI to select x.
The calculation of CMI can be performed by adding sam-
pled H, into the training dataset of the GPs, after which
evaluation of the lower bound is almost same as the single
querying. See Appendix E for details.

Decoupled setting: In the decoupled setting, we can ob-
serve only one selected objective function instead of query-
ing all L objective functions simultaneously (Hernandez-
Lobato et al., 2016). In PFEYV, the criterion for the decou-
pled setting can be defined as MI(fL; F*), which is the
information gain from only one objective function f.. The
lower bound of MI(f.; F*) can be derived by the same
approach shown in Section 3. In this case, we need to ap-
proximate p(f. | F*) instead of p(f, | F*), for which
we can use the marginal distribution of ¢\ (f, | F*). See
Appendix F for detail.

Joint entropy search: For PFEV, not only the informa-
tion gain of the Pareto-frontier /™ but also the correspond-
ing input & can be considered as MI(f_; X, F*), where
X* = {x | f, € F*}. This can be seen as a JES
extension of PFEV. When we derive the lower bound for
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Figure 3. Performance comparison in GP-derived synthetic functions (average and standard deviation of 10 runs).

MI(f,; X*, F*) by the same approach as Section 3, a vari-
ational approximation for p(f | X*, F*) is required. A ba-
sic idea of JES (Tu et al., 2022) is to simply add (X™*, F*)
into the training data of the GPs. In the case of PFEV, we
can define the variational distribution ¢(f | X, F*) by
using the same mixture as (3). The only difference is that
(X*, F*) is added to the training data of the GPs. Since
we have not observed particular performance improvement
by this additional conditioning, we employ MI(f_; F*) as
the default setting of PFEV. See Appendix G for detail.

Noisy observations: It is also possible to derive
the information gain obtained from noisy observation
MI(y,; F*), where y,, = f,+¢e withe ~ N(0,02 ;. I),
though we mainly consider MI(f,; F*) for brevity. In
this case, instead of p(f, | F*), we need to consider
p(y, | F*). Through the relation p(y, | 7*) = [ p(y, |
f2)p(fo | F*)df . we can derive the lower bound based
on the same approximation of p(f_, | 7*) by using ¢x. See
Appendix H for detail.

6. Experiments

We empirically verify the performance of PFEV by
comparing mainly with EHVI (Emmerich, 2005), PFES
(Suzuki et al., 2020), {PF}2ES (Qing et al., 2022), JES
(Tu et al., 2022), and random search. In Appendix K, we
added other methods such as ParEGO (Knowles, 2006),

MOBO-RS (Paria et al., 2020), and MESMO (Belakaria
et al., 2019), which are mostly omitted in the main text for
brevity of plots. We show results on GP-based synthetic
functions, benchmark functions, and hyper-parameter opti-
mization problems.

Each evaluation run 10 times. As a performance metric,
RHYV (relative hyper-volume) was used. RHV is defined as
the hyper-volume of the observed Pareto-frontier divided
by the volume of the reference Pareto-frontier. The ref-
erence Pareto-frontier was obtained by 10, 000 iterations
of NSGA-II. All methods used GPs for f, with a kernel
function k(z,z’) = exp(—|z — x'||3/(20ipr)), where
lrpr € R is a hyper-parameter. The marginal likelihood
maximization was performed at every iteration to optimize
¢rpr. The number of samples of the optimal value or the
Pareto-frontier in MESMO, PFES, {PF}?ES, and PFEV
was 10, each of which was performed by NSGA-II (1, 000
generations and population size 50). We used the DIRECT
algorithm (Jones et al., 1993) for the acquisition function
maximization. We selected 5 random x as the initial obser-
vations in D. Depending on problems, EHVI and JES were
performed up to L = 4 due to computational issues. Other
settings are described in Appendix J.

6.1. Synthetic Functions Generated by GPs

Here, we consider synthetic functions from GPs as true ob-
jective functions, i.e., f' ~ GP(0, k), in which fgpr = 0.1
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Figure 4. Boxplots of RHV at 100-th iteration. Note that, here,
methods omitted in Fig. 3 (ParEGO, MOBO-RS, and MESMO)
are also included, which are shown Appendix K.1.

was used in the kernel k. Since we require objective func-
tions in a continuous domain, we used the RFM-based ap-
proximation (the number of RFM basis is D = 1000).
The input dimensions are d € {2,3}, and the domain X
is [0, 1]%. The output dimensions are L € {2,3,4,5,6}.

Figure 3 shows the results. In all (a)-(j), PFEV shows su-
perior or comparable performance to existing methods. In
these experiments, we empirically see that the performance
of PFEV is often similar to PFES and {PF}2ES for L = 2,
and differences become clearer for L > 3. This can also be
confirmed by Fig. 4, which shows boxplots of RHV at the
100-th iteration in all trials of Fig. 3. This result is consis-
tent with our conjecture about the difference of two types
of PFTN described in Section 3.2. In Appendix K.1, addi-
tional results on different /gpr and d = 4 are shown, in
which similar tendency was confirmed.

6.2. Benchmark Functions

We used benchmark problems called Fonseca-Fleming
(d,L) = (2,2), Kursawe (d, L) = (3, 2), Viennet (d, L) =
(2,3) and FES3 (d,L) = (3,4) problems (for details,
see Appendix J). Further, we combine multiple prob-
lems having the same input dimensions, i.e., we created
Fonseca+Viennet (d,L) = (2,5) and FES3+Kursawe
(d,L) = (3,6). Since the input domain is shared (which
is scaled to [0, 1] beforehand), only the output dimension
increases compared with the original problems. The results
are shown in Fig. 5. Overall, the performance of proposed
PFEV is high among the compared methods. Here again,
we see that in problems with the output dimension > 3,
PFEV tends to show its advantage. Additional results on
benchmark functions are also shown in Appendix K.2.

6.3. Hyper-parameter Optimization of LightGBM

As an application example of hyper-parameter optimization
problems, we consider optimizing class weights in multi-
class classification problems using LightGBM (Ke et al.,
2017) as the base model (this setting is from (Ozaki et al.,
2024)). We focused solely on optimizing the class weight
parameters, making the input dimension of BO equal to
the number of classes. The objective functions are the test
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Figure 5. Performance comparison in benchmark functions (av-
erage and standard deviation of 10 runs).

classification accuracies for each class, which means the
output dimension also equals to the number of classes. Ex-
periments were conducted on four datasets: Abalone and
Waveform (both with 3 classes), and Pageblocks and Ges-
turephase (both with 5 classes). For each dataset, we split
the original data into training and test sets with an 8:2 ra-
tio. Figure 6 shows the results, where the vertical axis
represents the hyper-volume of test accuracies across all
classes, calculated using the reference point at 0. Note that
each objective function is in [0, 1] (classification accuracy
of each class), and therefore, the volume is also in [0, 1]
(if all classes achieve accuracy 1, the volume becomes 1).
As observed in the figure, overall, PFEV shows sufficiently
high performance among the compared methods.
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6.4. Comparison of PFEV with Different MC
Estimators

By using GP-derived synthetic functions, two estimators
of PFEV (6) and (8) are compared. The same settings as
in Section 6.1 were used. The results of (d,L) = (2,6)
and (d, L) = (3,6) are shown in Fig. 7. We see that the
MAP-based approximation (8) improves the performance
compared with (6). We confirmed similar results on other
GP-derived functions, which is summarized in Fig. 21 in
Appendix K.1.

7. Discussion on Gradient-based
Optimization of Acquisition Function

We employed DIRECT as an optimizer of the acquisition
function because it does not require ‘initial points’ unlike
the gradient descent that requires the appropriate setting
of the initial points (the number of initial points and loca-
tions). Our purpose is to focus more on differences of the
acquisition functions and to reduce the other factors affect-
ing the performance. On the other hand, evaluation using
gradient-based approaches is also important future work
because it is widely used in BO and should have high per-
formance in general. We partially show comparison with
a baseline using the gradient optimization (QLogNEHVI in
BoTorch) in Appendix M.

Note that the proposed acquisition function (8) is mostly

differentiable, except for the indicator I(f, € .Agé) in
O Ap(}.m). We consider that possible approaches are sim-
ply ignoring this term in the gradient (regarding the gra-
dient of the indicator as 0) or using a continuous approx-
imation of the gradient. In the continuous approxima-
tion, we replace I(f, € .Agg) ~ p(f € Agg), where
f ~ N(f, pI) in which p > 0 is a fixed smoothing pa-
rameter. The right hand side of the approximation is dif-
ferentiable with respect to x through the similar decom-
position to (9) in Appendix B (note that }'m is differential
because it is generated from RFM). This can be interpreted
as a counter-part of the standard CDF-based smoothing ap-
proximation of an indicator function, extended to the indi-
cator of the Pareto dominated region. For the calculation,

although the cell-based decomposition is required for Ag;,
we can reuse the cells created in line 7 of Algorithm 1.

8. Conclusions

We proposed a multi-objective Bayesian optimization ac-
quisition function that is based on variational lower bound
maximization. By combining two normal distributions, de-
fined by under- and over-truncation of Pareto-frontier, we
introduced a variational distribution as mixture of these two
distributions based on which a lower bound of mutual in-
formation can be constructed. Performance superiority was
shown by GP-generated functions and benchmark func-
tions. A current limitation includes theoretical guarantee
of the MI approximation and convergence, which is impor-
tant open problems for information-theoretic BO. Another
possible future direction is to use a more complicated vari-
ational distribution. We employ the simple one parameter
() distribution because ¢ should be estimated based on the
K samples, which is usually quite small (10 in the exper-
iments). However, to make the lower bound tight, a more
flexible distribution may be required.
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A. Proof of Remark 3.2

The lower bound of (5) is derived by using the case of A =
1:

max LB(z, \)

A€(0,1]

> LB(x, 1)

B ]Ef*’fw_[log ( p(fa)

—Ex | [, plFa] F)log 2] (w)dfm]
[/ Av®

= —FEr- -log Zg; (w)}

= —Ez- [log(1 - p(f ¢ A7))]

> B [p(fa ¢ AL)] >0

B. Computations of Z£§ and Zgg

First, we consider the normalization constant of PFTN-O
Z}-S =p(f, € Ao ). We decompose AO into disjoint

hyper-rectangles, denoted as Agg =CiUCU...UCgc,
where C, is a hyper-rectangle and C' is the number of
hyper-rectangles. Algorithms decomposing a dominated
region have been studied in the context of the Pareto hyper-
volume computation. We use Quick Hyper-volume (QHV)
(Russo & Francisco, 2014), used also in PFES. Each hyper-
rectangle C; is written as

C (Ell’ ’L} (6'?7 7,] . (gzLa 'LL]7

where ¢! and u! are the smallest and largest values in the
[-th dimension of the i-th hyper-rectangle. From the in-

dependence of the objective functions, Zgg can be easily
computed by

7
25 =% / DF2)0f

C L ol

= (fi)dfs
A
c L

= Z H ((b(dz D) ‘I)(Qi,z)) ) )
i=11=1

where a;; = (6 — w(x))/oi(x) and @y = (ul —

wi(x))/oi(x), and ® is the cumulative distribution func-
tion of the standard normal distribution.
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Next, we consider Z that can be re-written as

Zfs—p(f G.A )

=1—p(fw¢«45§)
=1-p(~fo 2 {-FIFeF3}).

In the last equation, the region f, ¢ .A;; is re-written
by flipping the sign of F & in such a way that the region
is written as a “dominated region”. This enable us to use
QHYV, which decomposes a “dominated region” into hyper-
rectangles, for the computation of p(—f, < {—f | f €
F 1) based on almost the same way as (9).

C. Properties about Maximization of \

We first show the concavity. To simplify the notation, we
unify (8) and (6) as

— A
LB(x,A) = —= Z log (Z + 1Z> §(f2)
Feper 070
A .
+ log (ZU> (1-£&(f2)),
where Zy; = Z[fg(a:), Zo = ng(w), and §(f:c) =

Oniap(f,) when (8), and £(f,) = I(f, € AL®) when
(6). The second derivative is

>
(Ft.f)eF

1 -
- (1—€(f) <0

Thus, we see concavity.

9°LB(z,)) 1
N

_ ( Zo — Zy
XNZo — Zy) + Zu

== )2§<f;)

Further, in the case of (8), we can show that the optimal
A should exist for max ¢ (g,1) LB(2, A) though A has a left
open interval as a domain. First, we can derive p € (0,1)

ﬁ*( )/ZUﬁ;. Since f, is the
S(a) = p(fa, € A5°) € (0,1)
andZ ()<Z ()_p(fwe-Afs) (01) Here
we used () # -AOS C AUS C RE (neither .AO nor A

is the empty set or the entire output space, and AOS C

from its definition p =

Gauss1an dlstrlbutlon Z

Agé holds as far as the sampled Pareto frontier set F g is
finite while the true Pareto frontier is continuous which is
our problem setting). Therefore, we see Oyap € (0,1).
When A — 0, the second term of (8) goes to log 0 (from

the definition of nfé ). On the other hand, the first term is

finite even when A — 0. As a result, if A — 0, we see (8)
goes to —0o0.
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Figure 9. Density functions of the beta distribution when p =
0.8. For all r, the mode is 0.8.

Figure 8 shows the transition of A\ during BO iterations (the
average and standard deviation of 10 runs) for a GP-derived
synthetic function (d = 3, L = 4). We see that \ takes in-
termediate values in (0, 1], indicating that under- and over-
truncated distributions are indeed mixed during BO itera-
tions. As far as we have examined, no consistent increasing
or decreasing tendency has been observed during iterations.

D. Combining Prior Knowledge in MC
Estimator

D.1. Derivation of MAP

We use the beta distribution for the prior § ~ beta(a,b).
The density function is

a—1 _ p\b—1
ploy = L= ;1( f))

Using the approximation 6 ~ p, we set a — 1 = rp and
b—1 = r(l —p), where r > 0 is a parameter. This sets
the mode of p(#) as p. As shown in Fig. 9, a larger  has a
stronger peak at p. When r = 0, p(#) becomes uniform in
[0,1].

The posterior of the beta distribution with the Bernoulli
distribution likelihood is beta(a + m, a + ¢), where m is

14

the number of ‘success’ and /¢ is the number of ‘fail’ in

Bernoulli trials. We can interpret that I(f,, € Ags )isa
sample from the Bernoulli distribution with the probability

p(fe € Aﬁ? | F*). Therefore, we set m = I(f,, € A/OT;)
and ¢ =1-1I(f, € Ags ), from which the mode of the
posterior beta(a + m, a + £) can be derived as
a—14+m
a—1+m+b—-1+¢
rp+ U(f, € A7)

Onvap =

4+ I(fy € ADS) 4 7(1—p) + (1 - (£, € ALS))
rp+I(f, € ALF)
o r+1 ’

In the main text, we employ r = 1.

The lower bound estimation by MAP (8) can have an es-
timation bias caused by the approximation p, though it
is almost negligible when K is a typical setting (such as
K = 10). This bias occurs because, we only have one fm
for each corresponding F &. Therefore, in each Oyap, the
effect of the prior remains even when K is large. We can
easily avoid this bias by setting r so that it decreases » — 0
when K increases, by which the estimator (8) converges
to the usual MC estimator (6). In Appendix D.3, we show
that, in practice, the MAP based approach has an advantage
for small K setting.

D.2. Analyzing Variance

We re-write the estimator of the lower bound (8) as

LS a(FDE(fa) + b,

K £
(Fz.F)er
where  a(F%) = log( 2+ 1~?’\> -
s 755@) 205 @)
lo 2 ) p(FE = lo A ) and
g(Z?fS(m)) F3) g(Z,fS(m)

€(f,) € [0,1] is Opiap (f,) when (8) and is I(£,, € AL?)
when (6). By using independence of the MC samples
and law of total variance, the variance of this estimator is
decomposed as follows:

3 aFEf) + 0(F)
(Fe.heF
Tz Vg [o(FDECFL) +0(F5)]
2V E g [o(FDEFL) +b(F5)]
{Bs. [aF02735. [e070]] + B [oF2)

+
L
K

+ Vi [a(F)E 2. [6(fa)] +b(FS)] } (10)
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In the first term of (10), only V}‘ﬁ* {f(f;)} changes de-
pending on &. From

Viiz [Buar(Fa)] = Vi [I(fa € 459)] /4

we see that MAP makes the variance of the first term 1/4.
The second term in (10) does not change depending on &.
In the case of the MAP estimate, the third term in (10) is

Vs [a(ﬁ;)Eﬂﬁ* [g(f;)} +b(f§)}

-, p+ 1 NweAﬁg -,
L pp(f, € ATS | F7 -
=V |a(Fp = AT )+b<fs>].

Ifp ~ p(f, € AL° | F*), this should be similar
to V2. {a(]}g)p(fm € A? | F*) + b(]:'g)},which is the
variance in the case of £(f,) = I(f, € A]O_-;). There-

fore, under the assumption of p ~ p(f, € ALS | F*)
the variance reduction is expected because of the variance
reduction in the first term of (10).

D.3. Empirical Verification of MC Estimator of Lower
Bound

Using a two objective problem generated by GPs (d = 1),
we examine the accuracy of the MC estimator compared
with the true lower bound. Hereafter, Naive MC indicates
the calculation by (6), and MC with Bayes MAP indicates
the calculation by (8). We calculate the lower bound at 100
grid points in = € [0, 1] with random 5 training points. Re-
garding the result by Naive MC with K = 10° samples as
a pseudo ground-truth, compared with which we evaluate
the estimation error. In addition to the fixed r setting, we
here examine the setting » = /10/ K, by which r reduces
with O(1/v/K) (same as the general convergence rate of
the MC estimator) and » = 1 when K = 10 in this setting.

Figure 10 shows the results by mean squared error (MSE).
MC with Bayes MAP shows = 1 and r = /10/ K, for
which they have the same result when K = 10. When the
sample size K is small, MC with Bayes MAP has smaller
errors for both the r settings compared with Naive MC.
With the increase of K, all methods decrease MSE, but in
the right log scale plot, the decrease of MC with Bayes
MAP (r = 1) stagnates at around K = 102-103. On the
other hand, MC with Bayes MAP (r = 1/10/K) continues
to decrease MSE because it can diminish the effect of the
approximation in the prior.

-8~ MC with Bayes MAP (r = \/10/K)
MC with Bayes MAP (r = 1) 2
¥ Mc

MSE

|
0.03 ‘ -
ol K

[N

"8~ MC with Bayes MAP (r = /
" [ - MC with Bayes MAP (r = 1)

—0.01 - mC

10! 107 10* 10* 10! 10° 10* 10!

Num. of samples

10/,

Figure 10. MSE compared with the pseudo ground truth, created
by Naive MC with K = 10°. The plot is the original scale, and
the right plot is the log,, scale.

E. Parallel Querying

We here consider parallel querying in which @) queries
should be selected every iteration. Let &, =
{2 .. 2D} and Hy = {Fr),- - Fui } forqg < Q.
Then, MI(H¢; F*) can be a selection criterion for deter-
mining () points simultaneously. However, this leads to
@ X d dimensional optimization. Instead, we employ a
greedy strategy shown by (Takeno et al., 2022), in which
the MI approximation can be reduced to a similar compu-
tation to the case of single querying.

Assume that we already select ¢ < @) points &, for which
observations are not obtained yet, and consider determining
the ¢+ 1-th point . In this case, MI(H, U f; F*) should
be maximized with respect to the additional . We see

MI(Hq U fg; F*) = MI(Hq; F*) + CMI(f o3 F* | Hy),

where CMI(f,; F* | Hy) = Eg, [MI(f4; F* | Hy)] is
the MI conditioned on H,. Since the first term does not
depend on x, we only need to consider the second term

CMI(f 4; F* | Hq)-

The lower bound of MI(f_; F* | H,) is derived by the
same way as the lower bound of MI(f,; F*), i.e., (4).
The only difference is that the GPs have additional train-

ing data consisting of X, and #,. Let (fi (z) and nf{% (x)
be ¢} 3 (x) and 5] ° () in which the GPs with additional g
observations are used to calculate Z(J]TS () and ng (z) as
follows:

* A 1—A
() = — + — ,
'q ZUS(w ‘ Hq) Zos(a3 | Hq)

* A
(@) =

—,
ZUS(m ‘ %q)

where Z[fs(ac | Hy) = p(fy € A,Jj:g | H,) and Zgg(ac |
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Hy) =p(fa € .Agé | H4). Then, we can write
By, [MI(f; F* | Hy)]

> En,Ex 5 m, {log{@\q M(fz € A )

+ (@)1 £, € Afio)}

=Er- 7 2, [10g{CAq (f, € A 5)

g (@)I(f, € AT} (D)

Since the expectation Eqy Ex- ;|3 can be seen as the
joint expectation Ex« ¢_ 3, , the MC approximation can be
performed by using sample from the joint distribution of
F*, o and H,. Let Fy, be a set of samples (fs, fm,H )
from the joint dlstnbutlon Then, the MC approximation of
the lower bound (11) is

1
K2
(F§:FaHa)EF
73
+ g (@)1 (fa EAU\O)}

The sampling of F;, can be performed by almost the same
procedure as the smgle querying. First, we generate the

“entire function f” by usmg REM. F & is obtained by ap-
plying NSGA-II to f. f and 7—[ can be immediately ob-
tained from RFM. Note that even when we perform next
q+2-th point selection, we can reuse F §and f, from which
'H,qH can also be immediately obtained.

log{C JI(F, € AZF)

The MAP based approximation can also be applied to the
parallel setting. The lower bound (11) can be re-written as

Er By, 17 n, [H(f“: € A5 log (5 (@)
+1(f, € AfSo) log nfj(iv)}
B F5 | o Fs
= E]:*”Hq |:p(fm S AO | F 7Hq) log <A7q ($)
* ‘F*
+p(fq € AU\O | F ,Hq)logmfl(m)}]-

The prior approximation for p(f, € Agé | F*,Hq) be-
comes p(fo, € A" | F* Hy) = 25 (@ | Hy) /27 (x|
Hq). Then, faap can be obtained by the same procedure
show in Section 3.3. As a result, we have an approximation
of the lower bound (11)

1
% 2.
(F&,f 2 Hq)EF,

+ (1 — eMAP) lognii(:l:)

Onap log Cfi (z)
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Figure 11. Results on parallel querying.

Figure 11 shows the empirical evaluation for which the set-
ting is same as in Section 6.1. Here, we set Q = 2 and
3, and we used the (d, L) = (3,3) GP derived functions.
For comparison, ParEGO, EHVI, MOBO-RS and JES were
used. ParEGO and EHVI consider the expected improve-
ment when @ points are simultaneously selected, which is
a well known general strategy (Shahriari et al., 2016). Un-
like the single querying, the expectation is approximated
by the MC estimation for which the number of samples
was 100 and 10 for ParEGO and EHVI, respectively. For
MOBO-RS, @ points are selected by repeating Thompson
sampling with different sample paths @) times (Kandasamy
etal., 2018), in which the weights in the Tchebyshev scalar-
ization were also re-sampled. JES approximates the simul-
taneous information gain by () points as indicated by (Tu
etal., 2022). From the results, we can see that the proposed
method shows sufficiently high performance in the parallel

querying.

F. Decoupled Setting

For the decoupled setting, MI and its lower bound is

MI(fa; F*)

LF
:]E]-'*,flm [Iog %] +DK

l ¢
>Ere g [log %] =t Lpec(x, 1, \).

v(p(e | 7)1 alfa | 7))
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We define ¢(f, | F*) as the marginal distribution of
QA(fw ‘ ‘F*)

a(fz | F*)

/ O (Fa | F)Af5!
= [t
= [0t

fol F&)+ (1= Nao(fa | Fo)df'

p(f 2)(f, € AS)df !
" / P(fnlE @(F, € ATS)AF5"
= o) () / p(Fa' | fOI(f, € AL )dfs!

+ nf () / P | FON(F s € AT )af 5

p(FO{C fmGAoslfl)
+03C @)p(Fa € Ao | 1)), (12)
where f_' is the L — 1 dimensional subvector of f in

which fé is removed. Then, the lower bound and its MC
approximation is obtained as

LDec(wa l7 )‘)

—Erp [1og{g Wo(fo € A | 1L)
+ 1% (@)p <fweAU\O|fi>}

K Z log{C

(F5.5)eF

P(fe € AL | L)

0 @)p(fa € Ao | 12}

The probabilities p(f, € AOS | /L) and p(f, € AU\O |
(43, ug] x

(KZL, ul] be the cell partitions of the over-

fw) can be analytlcally calculated. Let C; =
(£, u7] x
truncated region AOS . Then, from the independence of f_,,
we see

p(fo€ AL | L)
p(FDI(fo € ALF)AfS

— &

I(fz € (£,

Mo

o)) [ pirshars!

c=1

C
=174 € (@) TT (@) — ®(a, )
=1 1'#1
C
=3 D] Zer, (13)
=1 1'#1
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where Zo = ®(aep) — ‘E(Qc,l/) and C;!is the L — 1
dimensional hyper-rectangle created by removing the [-th

€ Afs

oho | fL), we use the

dimension of C.. For p(f,
following relation:

P(fac Aio | L)

= p(fa € ATE | FL) = p(f & AT | TL).

Since f,, ¢ Ags in the last term can be written as “dom-
inated region”, shown in the end of Appendix B. We can

calculate p(f,, ¢ A,Jjg | fL) by the same dominated region
decomposition as (13).

Figure 12 shows the empirical evaluation for which the set-
ting is same as in Section 6.1. Here, we used the (d, L) =
(3,3) GP derived functions for three length scales. As a
baseline, the hypervolume-based KG is used. Since KG
is defined as the hyper-volume defined by the ‘one-step
ahead’ posterior mean, it is easy to extend to the decou-
pled setting as shown by (Daulton et al., 2023). We used
BoTorch’s qHypervolumeKnowledgeGradient implemen-
tation for the HVKG baseline, which is based on the ‘one
shot’ optimization of KG in the decoupled setting. Due to
the long computational time, we set the number of Pareto
optimal points in the one-step ahead posterior mean as 10 in
HVKG. For fair comparison, our proposed method also set
the size of the Pareto optimal points in the sampled func-
tion (i.e., the NSGA-II population size) as 10. The number
of samples (so called fantasy points) in HVKG is also set
as 10. For the final evaluation of the performance, since
the decouple setting observes only one objective function
f!(zx;) in each iteration, the hyper-volume consisting of
observed points is difficult to define. Instead, we employ
an approach similar to so-called inference regret. At each
iteration ¢, we apply NSGA-II to the posterior mean g (),
and obtain a set of the Pareto optional points X'* for p ().
We evaluate the hyper-volume defined by the ground-truth
objective function values on X'*, and the plots are the max-
imum values of the volumes identified until each iteration.
From results, we see that the decoupled extension of PFEV
has reasonable performance (Note that we only have about
1/3 observations compared with the same number of iter-
ations of the coupled setting because only one of objective
functions are observed). Due to the package differences
(PFEV is based on GPy, while HVKG is BoTorch), this
comparison is not a completely fair comparison. However,
it demonstrates that the proposed method can achieve com-
parable or superior performance to a standard package. A
more fair and thorough comparison is our future work.
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Figure 12. Results on decoupled setting.

G. Joint Entropy Extension

Let X* = {z | f, € F*}. The lower bound is

- A(fp | X F)

MI(f o X%, F*) > By 5o g, |log D2 202 )
Tl p(fa)

In practice, we only obtain a subset X5 C X*, by which

Fs = A{fotzex; and Hs = {(z, ) }zcx~ are defined.
In the variational distribution ¢(f, | X*, F*), Hs can be
seen as an additional training data of the GPs f_. Then, a
natural extension of the variational distribution (3) is

_ . FE
(et 2 )otha [ He) 15, € AT,
Zy;” (2| Hs) Z5” (=|H)
= A . ]:g
——0Dp Hs if cA ,
e ) fa€ AT
0 otherwise,

where ng (x | Hs) p(fs € A§S | Hs) and
Zgé (x| Hs) = p(f, € A]O:E | Hs). Note that here
the conditioning on Hgs is interpreted as a simple addition
of the training data, and does not impose the conditions that
“Hs is the optimal solutions”, which is represented by the
truncation (Because of this reason, we do not give ‘x’ to
Hs). The resulting lower bound is

Ex- 71, |log{C0" (z | Hs)I(f, € ALY)

3 (@ | He)l(Fo € ALSo) Y, (14)
Fs A 1-)\
here (; ° H = - - and
w CA ((L‘ | S) Z;S(les) Z(J)rs (s
A

. The same MC approxima-

Fs
x | Hs ——
M ( | ) ng(mlﬂs)

tion as (6) can be used to evaluate (14).

18

The MAP based approximation is also possible based on
transformation of (14):

Eae 7. [p(fw € AT | X%, F)log (¥ (w | Hs)

+0(fa € Ao | X% F) logs (x| Hs)|.

Based on the same idea shown in Section 3.3, we approx-
imate p(f,, € Ap® | X F*) ~ 257 (@ | Hs) /2] (x|
Hs), from which the MAP estimator can be defined.

Figure 13 shows the empirical evaluation for which the set-
ting is same as in Section 6.1. Here, we used the (d, L) =
(3,4) GP derived functions for three length scales. We see
that the original proposed method shows slightly better per-
formance than the JES extension, though behavior is simi-
lar each other.

H. Noisy Observation

Lety, = fL +eandy, = (yL,...,9%)7, where ¢ ~
N(0,02.;..). The mutual information for noisy observa-
tion is MI(y,,; F*), for which the lower bound can be de-

rived as

MI(y,; F*)

B o (Y | F¥)

=7, {1 5 p(y,) }

+ Dxr (0(Yz | F*) | a(y, | F*))

Fx
> Erey, [ln 102
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Figure 13. Comparison with JES extension of proposed method.

Since F* and y,, are independent if f_, is given, we define where E is a set of L-dimension noise samples € from

q(y, | F*) by using gx(f, | F*) as follows. N(0,02...I), ¥y = fau + £ is a sample of y,, and
P K. = |E|. Note that, in this approximation, we transform
(Y [ F7) Er« 4, to Ex- 5 Ee, which is possible because of the in-
* dependence of the noise term. To evaluate this MC approx-
= Fd P PP
/ PYa [ fo)ar(Fa | F)df s imation, we need the conditional distribution p(f, | ¥.,).
" written as
— [ by | £ 00 (f2 | 73)
1= Dol | )1 fo |90 ~ N (@), ding(s(w).
h
— [ bl | £ @N(F, € AT) where
2
F _ 9] (:E) ~l
+ 0 (2)(f4 € AU\O )}dfs vi(x) = (e) + (@) + % (T — tu(z)),
F3 4
= / s P F2)03 5 (@)d S5 si(x) = o2(x) — %
fa€Ao 9] ((L‘) + O noise
F5 (\d .
+ /f eAJ;%O PYa Fo )" (@)d o Therefore, p(f, € A'gs | 9,,) can be calculated by using

i T .
the same procedure as Z;,° = p(f, € A,°) shown in (9):
s { @) [ ol waas
(@]

@

Il
M
(')\

P(fal Uz)df

/ AL AL
YA

(w630 -015,)

-
+”fs(”’)/ - p(fmym)dfm} Pfa € A0 1 9a)

Fa€AY0

= p(ya) { @p(Fa € AT |y)
1 @)p(fo € Ao | ¥a) } -

Then, the MC approximation becomes

i

.
Il
-

Il
M
:h

o
Il
-
I

=

I
Mo
=

i=11=1

F& F* )
Er:q, [log{ Nx)p(fo € AD° | Ysp) where 8., = (¢ — v(x))/si(x) and B;; = (ul —
—|—17]E (@)p(fo € AU\O | ym)H vi(x))/si(x). F~0rp(fw € Al}J—io | U), we can use a rela-

i Fi s Fio -
tion p(f, € A5 | U,) =0(fn € A5 | 9,) — p(fy €

~e X Dlee{@fa e A5 13 n P € Ao | 82) = (fe € A7 | 52)
(FiDer €E AT | 9. The last erm p(f, € A" | 5,) can be cal-
75 5 & culated by the same approach as Z; 75— =p(f, € A ),
—H]A (#nife € AU\O | ym)} . described in the end of Appendix B.
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Figure 14 shows the empirical evaluation for which the
setting is same as in Section 6.1. Here, we used the
(d,L) = (3,3) GP derived functions for three length
scales. We added the independent noise N'(0, 02 ;) with
Onoise = 0.1 to all the observations. The GPs have the same
value of the noise parameter o0 = 0.1. We compared
with EHVI, MOBO-RS, and JES. EHVI and MOBO-RS
can handle the noise just by incorporating it into the surro-
gate GPs. JES (Tu et al., 2022) considers the information
gain from noisy observations. PFEV shows similar results
to its noisy observation counterpart. We empirically see
that MI(f(x); F*) sufficiently works even when the ob-
servation contains moderate level of the noise. The investi-
gation under stronger noise is our future work.

I. Additional Discussion on Related Work

Although our main focus is on information-theoretic ap-
proaches, here, other criteria are also reviewed. A clas-
sical approach is the scalarization that transforms multi-
ple objective functions into a scalar value, among which
ParEGO (Knowles, 2006) is a well-known method based
on a random scalarization. However, the information of
the Pareto-frontier may be lost by the scalarization. The
standard expected improvement (EI) has been extended
based on measuring the improvement of the hyper-volume
called EHVI (expected hyper-volume improvement) (Em-
merich, 2005; Shah & Ghahramani, 2016). The GP up-
per confidence bound (UCB) is another well-known gen-
eral approach to BO (Srinivas et al., 2010). UCB based
MOBO methods have been studied (Ponweiser et al., 2008;
Zuluaga et al., 2013; 2016), but the setting of the con-
fidence interval sometimes becomes practically difficult.
SUR (Picheny, 2015) is based on the reduction of PI af-
ter the querying, which is computationally quite expen-
sive. A hypervolume-based multi-objective extension of
knowledge gradient (KG) is considered by (Daulton et al.,
2023). Naive computations of the hypervolume KG is com-
putationally intractable, and several approximation and ac-
celeration strategies have been studied. For example, so-
called one-shot strategy transforms the nested optimization
into simultaneous optimization which makes computation
much faster, but the dimension of the acquisition function
optimization becomes high.

We focus on the information-theoretic approach, which
was first proposed for single objective BO (Hennig &
Schuler, 2012; Hernandez-Lobato et al., 2014; Wang &
Jegelka, 2017). Recently, (Cheng & Becker, 2024) pro-
posed a different variational lower bound approach to
single objective BO, which is only for single objective
problems. A seminal work in the information-theoretic
approach to MOBO is the Predictive Entropy Search
for Multi-Objective Optimization (PESMO) (Hernandez-
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Lobato et al., 2016). PESMO defines an acquisition func-
tion through the entropy of the set of Pareto-optimal so-
lutions @, which is based on complicated approximation
by expectation propagation (EP) (Minka, 2001). On the
other hand, Belakaria et al. (2019) proposed using the
individual max-value entropy of each objective function,
called max-value entropy search for multi-objective opti-
mization (MESMO). This largely simplifies the computa-
tions, but obviously, information of the Pareto-frontier is
lost. Another JES based approach has been recently pro-
posed (Ferndndez-Sénchez & Herndndez-Lobato, 2024),
which is in a more general formulation including multi-
fidelity and constrained problems. Their computations are
based on the Gaussian based entropy approximation, whose
validity remains unclear.

J. Detail of Experimental Settings

Bayesian optimization was implemented by a Python pack-
age called GPy (GPy, since 2012). PFEV, PFES, and
{PF}?ES requires C; that are hyper-rectangles decompos-
ing the dominated region. To obtain C;, we used Quick
Hyper-volume (QHV) (Russo & Francisco, 2014), which
is an efficient recursive algorithm originally proposed for
the Pareto hyper-volume calculation. In PFEV, we maxi-
mize A for each given x by calculating 171\3(:13, A) for 11 grid
points of A (1073,0.1,0.2, ..., 1.0). In RFM used for sam-
pling F* (required in PFEV, PFES, MESMO, {PF}?ES,
and JES), the number of basis D was 500. The GP hyper-
parameter o2, is fixed as 107%. In ParEGO, the coef-
ficient parameter in the augmented Tchebycheff function
was set 0.05 as shown in (Knowles, 2006). In EHVI, the
two reference points are required, shown as v, and w,et
in (Shah & Ghahramani, 2016). The worst point vector V¢
is defined by subtracting 10~* from the vector consisting of
the minimum value of each dimension of y, in the training
data. On the other hand, the ideal point vector w,s is de-
fined by adding 1 to the vector consisting of the maximum
value of each dimension of y,.

The definition of each benchmark function is as follows.

* Fonseca-Fleming (Fonseca & Fleming, 1995)

d 2

fi(x) =1 —exp [Z (xl - \}g) ]

d 2

fol@) =1 exp [ (:wjg) ]
subjectto —4<uz; <4, i€]d]
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Figure 14. Results with noisy observations in GP-derived synthetic functions (average and standard error of 10 runs)

* Kursawe (Kursawe, 1990)

ﬁmziymm(wwgﬁm%
3

fo() = [Jai]*® + 5sin(af)]

i=1

subjectto —5<zx; <5, 1<¢<3.

¢ Viennet (Vlennet et al., 1996)
filz,y) =05 (m2 + y2) + sin (x2 + y2)

(Br—2y+4)? (x—y+1)?
P 1
1
fa(z,y) = m —1llexp (—(952 + y2))
subjectto —3 < z,y < 3.

¢ FES1 (Fieldsend et al., 2003)

B i <x — Obeos <1(Zri) - 0.5>2

subjectto 0<z; <1, i€]ld.

» FES2 (Fieldsend et al., 2003)

) =3 (-0 (1) 05’

=1

d
fo(@) = | — sin®(i — 1) cos” (i — 1)
i=1
d
f3(x) = Z |zi — 0.25 cos(i — 1) cos(2i — 2) — 0.5°°
i=1
subjectto 0 < x; <1,

|0A5

i€ [d].
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¢ FES3 (Fieldsend et al., 2003)

a exp (é)z 0.5
fl(a;):_z i — (3 ) 7

4 0.5
fo(@) = = |2 —sin(i — 1) cos(i — 1)°| ",

=1

d
f3(x) = — Z |z; — (0.25 cos(i — 1) cos(2i — 1)

_ 0.5)|057

d 1 . 1 2
fa(m) ==>" (x — 5 sin (10007%) - 5)

i—1
subjectto 0<z; <1, i€][d].

K. Additional Results of Empirical
Evaluation

K.1. Additional Results on GP-derived Synthetic
Functions

Additional results on GP-derived synthetic functions are
shown in Fig. 15-17. The results are all combinations of
lrpr € {0.05,0.1,0.25}, L € {2,3,4,5,6}, and d €
{2, 3,4} (Note that the results in the main text Fig. 3 is also
included). We here also show results of ParEGO, MOBO-
RS, and MESMO, which are omitted in the main text. The
same format of boxplots as Fig 4 created from all the results
is shown in Fig. 18. We also examined an input dimen-
sion wise boxplot in Fig. 19 in which differences of all the
methods gradually decrease with the increase of the input
dimension. We further plot separately for each length scale
setting of the true objective function in Fig 20. We see that,
particularly for small length scale problems (which tends to
be multi-modal functions), differences become small. We
speculate that the differences were less apparent for chal-
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lenging problems with high-dimension and highly multi-
modal functions.

Further, Fig. 21 is performance difference between Bayes
MAP (8) and naive MC (6).
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Figure 15. Results on GP-derived synthetic function (d = 2)
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Figure 17. Results on GP-derived synthetic function (d = 4)
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Figure 22. Performance comparison in benchmark functions (av-
erage and standard deviation of 10 runs).

K.2. Additional Results on Benchmark Functions

Figure 22 presents an extended version of Fig. 5 from the
main text, including additional baseline methods (ParEGO,
MOBO-RS, and MESMO). Figure 23 shows additional
results on benchmark functions. FES1 and FES2 are
(d,L) = (3,2) and (d, L) = (3,3), respectively. There-
fore, FES1+Kursawe and FES2+Kursawe are (d, L)
(3,4) and (d, L) = (3,5), respectively. The experimen-
tal setup is identical to that in Section 6.1. These additional
results further demonstrate our method’s superior perfor-
mance across various problem configurations.

To assess the scalability of the proposed method, we ex-
tend our experiments to higher input dimensions. Fig-
ures 24, 25, and 26 display the results for FES1, FES2, and
FES3 benchmark functions with input dimensions ranging

27
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Figure 23. Performance comparison in additional benchmark
functions (average and standard deviation of 10 runs).

from d = 5 to d = 10. All experimental settings except
for the input dimension are identical to those in the main
text. The results show that our method demonstrates sta-
ble optimization performance as the input dimension in-
creases, similar to the cases presented in the main text. Ad-
ditionally, we evaluated our method on the DTLZ bench-
mark suite with (d, L) = (3,3), as shown in Figure 27.
On DTLZ2, DTLZS, DTLZ6, and DTLZ7, our proposed
method achieves higher RHV compared to other methods.
For DTLZ1 and DTLZ3, all methods show similarly high
RHYV values (close to 1) with small differences between
them. In the case of DTLZ4, EHVI and MESMO demon-
strate better performance, while our method performs com-
parably to the remaining baselines.
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Figure 24. Results on FESI.
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Figure 25. Results on FES2.
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Figure 26. Results on FES3.
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Figure 27. Results on DTLZ (d = 3, L = 3).
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K.3. Computational Time

We here examine the computational time of PFEV. We
used the GP-derived synthetic function (d = 3) from Sec-
tion 6.1. The training dataset was randomly selected 50
points, and we evaluated the computational time (CPU
time) required to calculate the acquisition function values
for 100 points generated by the Latin hyper cube sampling.
In PFEV, we evaluate time of calculating 11 grid points of
A (1073,0.1,0.2,...,1.0) for a given . The results are
shown in Table 1, in which we evaluate ParEGO, PFES,
EHVI, and PFEV (Proposed).

Obviously, ParEGO was quite fast because it applies the
usual single objective BO to the scalarized value. For
L = 3 and 4, EHVI was also fast, but it becomes slow
at L = 5 and we stopped it at L = 6 because of the
long computational time. The slow computation of EHVI
at large L is widely known. PFEV and PFES were similar
up to L = 4, but for L = 5 and L = 6, PFEV was slower
than PFES. This is because of the computation of QHV. For
L = 3 and L = 4, the computational time of NSGAII was
dominant in PFEV (Note that the same procedure is also
performed in PFES). However, for L = 5, QHV requires
the similar cost as NSGAIIL, and for L = 6, the compu-
tational cost of QHV became much larger than NSGAII.
PFEV requires QHV two times for each sampled Pareto-
frontier (see Appendix B) while PFES requires QHV only
once for each sampled Pareto-frontier. This was major rea-
son of the difference of PFEV and PFES in L = 6.

L. Difference of Over- and Under-Truncation

Here, we discuss approximation error caused by replac-
ing the dominated region by the entire Pareto-frontier A%
with its counter-part created by F§, i.e., A{? or AJUT; The
difference actually can be small if S is sufficiently large,
but practically intractable size of S is required even for rea-
sonable size of L. To demonstrate tl}is claim, we evaluate
differences of hyper-volumes of A]O:S and AJUTS. If the dif-

ference of AJOTS and A,JJ:S are small, it suggests that the true
Pareto-frontier * can be accurately approximated by F3.

In Fig. 28, we empirically investigate the ratio of the vol-
ume of under- and over- truncations compared with the true
volume. We assume that the Pareto-frontier is the simplex
(XCierzy [ = 1and f* > 0), and approximation points F§
are sampled uniformly in the simplex as shown in Fig. 28
(a). The examples of the volume ratio is shown in Fig. 28
(b). In Fig. 28 (c), we see that, when L = 2, the difference
between the truncations rapidly decreases, but for L > 3
shown in Fig. 28 (d) and (e), large differences remain even
when the population size is 1,000 (Note that in this exam-
ple, over-truncation is closer to the true value than under-
truncation, but in general, it depends on the shape of the
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Table 1. CPU time evaluation (sec).

L=3 L=4 L=5 L=6

ParEGO 0.95 + 0.08 1.15 £ 0.06 1.38 + 0.07 1.62 £ 0.11
PFES 21.43+0.20 29.18 £0.39 4523+ 141 127.64 +£24.44
EHVI 0.86 £0.06  3.51 £2.24 500.09 £ 336.18 -
Proposed  Total 2193+ 042 31.74+£0.64 61.04 £3.26 274.49 £+ 28.99
CALCPFEV | 0.59£0.05 1.56 £ 0.13 5.04 £0.49 2476 £3.71

NSGAII 19.59 £0.37 25.66 £ 0.37 31.36 £ 0.27 37.26 £0.22

RFM 0.59 £ 0.00 0.80 £ 0.01 1.00 + 0.00 1.19 £ 0.00

QHV 042+0.03 2.72£0.26 2241 £2.65 209.81 £ 25.68

true Pareto frontier which is unknown). The continuous
Pareto-frontier is the (L — 1)-dimensional space, and we
conjecture that the required number of points to keep the
sufficient density of approximation points F§ increase ex-
ponentially when L increases.

About the difference between F* and F§, increasing the
number of MC samples cannot mitigate the essential prob-
lem in principle. In our formulation, the over-truncation
corresponds to A = 0. Therefore, the over-truncation based
lower bound is biased toward a smaller value, because the
bound is defined as the maximizer with respect to A. This
discussion holds even in the population LB(x, \) (i.e., be-
fore introducing the sample approximation), and therefore,
increasing the number of samples from the GPs does not
solve this intrinsic bias.

M. Consideration on Gradient-based
Optimizer

Figure 29 shows results with qLogNEHVI (Daulton et al.,
2020; 2021; Ament et al., 2023) for GP-derived func-
tions (d = 3,L = 3,4,5) and four benchmark func-
tions. For qLogNEHVI, we used qLogNoisyExpected-
HypervolumeImprovement of BoTorch. The reference
point is defined by Ymin — 0.1(Ymax — Ymin)> Where ymin
and ymax are vectors consisting of the minimum and
the maximum of each dimension in training y,, respec-
tively. For qLogNEHVI, we used both the gradient descent
(optimize_acqgf function of BoTorch) and DIRECT for
the GP-derived functions. We see that the gradient opti-
mizer slightly improves the results, but DIRECT also has
the similar performance. Overall, qLogNEHVI shows good
performance, while PFEV also show comparable perfor-
mance. Although implementations are not exactly consis-
tent (PFEV is GPy base and qLogNEHVI is BoTorch), we
can see that performance in our results are not largely dif-
ferent from the well-known package.
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