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Abstract

In multi-objective optimisation, expected hypervolume improvement is a popu-
lar metric for assessing the merit of candidate solutions to guide the optimisation
process. However the computational cost of calculating the EHI can become pro-
hibitive, particularly as the number of objective functions increases. In this paper
we present a new recursive algorithm for calculating the EHI. We show that the al-
gorithm is simple to implement and significantly faster than alternative methods.

1 Introduction

In multi-objective Pareto optimisation the expected hypervolume improvement (EHI) is a popular
metric for measuring the merit of candidate solutions to guide the optimisation process [11, 15, 10].
However the computational cost of calculating the EHI remains a significant hurdle when applying
such approaches [12, 15], particularly as the number of objectives (and hence the dimensionality
of the hypervolume) becomes larger. In particular while heavily optimised algorithms are avail-
able for calculating EHI for up to 3 dimensions (for example [7]) the more general case remains
computationally challenging.

Most approaches to exactly calculating the EHI tend to be cell-based [3, 2, 1, 7]: the space is divided
into cells based on the set of vectors defining (dominating) the hypervolume, the contribution of
each cell calculated, and the result is the sum of all such contributions. Cell-based approaches can
be somewhat complex to implement in the general (n-dimensional) case - for example, in the IRS
algorithm [7] when calculating the contribution of a cell one must calculate correction factors by
enumerating all subsets of the axis {x,y, z, ...} and calculating the dominated (projected) hyper-
volume for each cross-section so defined. Our aim in the present paper is to provide an algorithm for
calculating the EHI that is both fast (computationally efficient) and simple to implement. To achieve
this we eschew the standard cell-based approach and instead base our method on the Hypervolume
by Slicing Objectives algorithm (HSO, [14]), which is a recursive algorithm for calculating the
hypervolume (not the EHI) of a dominated set. The result is a fast and easy to implement recursive
algorithm for calculating EHI.

1.1 Notation

The integers modulo n € Z* are denoted Z,, = {0,1,...,n — 1} (Zo = (). Column vectors are
written a,b,... € A" (n € ZT), with elements denoted a;, b;, ... Vi € Z, (indices start from 0,
C-style). Following Matlab, n : m = [n,n+1,...,m]* forn > m € Z, andifa € A" and i € Z?
then a; = [a;,, Gy - - -, aip_l]T € AP,

2 Background

For x,y € R™ we say that x is dominates y, written x >~ y, if x; > y; Vi € Z,,; and that x strongly
dominates y, written x > y, if x > y and x # y. For a finite set X C R" we say that X dominates
y, written X > y, if 3x € X : x > y; and similarly X > y if 3x € X : x > y. For a finite set
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X = {x%x!,..., € R"} we define dom(X) to be the set of non-dominated points in X:
dom (X) = {x’ € X} Bi#ixd = x'}

We denote the Lebesgue measure (hypervolume) of Y C R™ by Vol (Y). The S-metric [16] (hyper-
volume [6, 9], Lebesgue measure [8, 5]) of a finite set X C (R+)" is defined to be:
Sn (X) = Vol (y e R"X =y = 0),5,(0) =0
Where we note that S, (X) = Sy, (dom (X)) and Sy, ({y}) = [Licy, vi-
Given a finite set X C (R™)™ and an additional vector y € (R™)™ the exclusive hypervolume [13]

of y relative to underlying set X, denoted AS,, (X]y), is defined as the change in S-metric induced
by adding the additional vector y to the set X:

Asn (X‘ Y) =8, (X U {Y}) —8Sn (X) >0
If y is drawn from some distribution P the expected hypervolume improvement (EHI), denoted
AS,, (X|P), is the expected exclusive hypervolume given y ~ P:
The expected hypervolume improvement is commonly used as a measure of merit of a proposed
solution [11, 15, 10].

3 Hypervolume and the HSO Algorithm

The Hypervolume by Slicing Objectives algorithm (HSO, [14]) algorithm is a recursive algorithm
for calculating S, (X), where X = {x°,x!,...x™~1 € (R*)"}. Our first step is to re-express
HSO in the form of a recursive equation which will form the basis of our calculation of expected
hypervolume improvement (EHI). The HSO algorithm calculates S, (X) as follows:

1. Prune (optional): remove all dominated points from X - that is, X — dom (X).

2. Sort: sort the points from smallest to largest based on axis 0, so :c8 < x(l) < ..., and divide
the hypervolume into slices as shown in figure 2.

3. Recurse: the total volume is the sum of the hypervolumes of all slices, where the volume

of each slice is the lengrh of that slice (that is, 2, — xf)_l) multiplied by the hypervolume
of the collapsed slice, which is obtained by excluding objective (axis) 0 as shown in figure
2. The base-case is n = 1 (1-dimensional), where the hypervolume is simply the length.

The prune and sort steps for our EHI calculation algorithm will be the same as the HSO algorithm.
It is convenient to define the following:

e Let m be the number of slices along axis 0 induced by dom (X) = {y, 2, ...} - thatis, m
is the number of distinct values in the set {yo, 20, . . . }.

e Foreachslice j € Z,, define i/ € Z, r; € Zt, so that {x*|k = 4),il,... if.j_l} contains
all vectors in dom (X) lying on the upper boundary of slice j while the slices themselves

are sorted: Y N .

e <z <...<ax (sorting)

i i i
) =xy =...=2""'Vj €Z,, (boundary)
e For each slice j € Z,, define X; € (R*)"~! to dominate collapsed slice j (see figure 2):
ik i Qv 1
Xj =X X1 X1 | k€ Zm\Z;

where we have used Matlab notation x1.,,—1 = [z1,Z2,... ,:cn_l]T € R" ! and recall
that indices are 0, 1, ...,n — 1 (start from 0, C style).

-1 i
e For eachslice j € Z,, define the lower and upper bounds [; = xff (lo =0)and u; = x
on axis 0; and the length L; = u; — [; of slice j € Zy, (L, = 0 for convenience).

Thus the hypervolume of collapsed slice j € Z,, is L; S,—1 (X;), and we may write the formula
for calculating the S-metric, as implemented by the HSO algorithm, in recursive form:

N Zjezm Lan_l (XJ) ifn>1
S"(X>—{ Lo ifn =1 W
which is straight-forward to code. Each step in the recursion reduces the dimensionality of the
problem by 1, eventually terminating at the trivial 1-dimensional base-case.



4 Exclusive Hypervolume

Given a set X = {x°x!,... € (RT)"} and an additional vector y € (R*)" the exclusive
hypervolume is defined as the change in hypervolume induced by adding y to X [13] - that is,
AS, (X|y) = S, (XU{y}) — S» (X) > 0. For notational convenience we define u,, = oo,
L, =0,X, =0. Let p € Z,,1 be the slice in which the additional vector y lies - that is,
P =P € Lpmi1|l, < yo < up, where p = m corresponds to yo being not less than =y Vx € X. From
(1) it may be seen that Vn > 1:

Sn (X U {Y}) = ZjeZp Lj S’ﬂ—l (X] U {y1:n—1}) + (yO - lp) Sn—l (Xp U {yl:n—l})
{Jr (up = y0) Sn—1 (Xp) + 2071, Lj Sno1 (X;) if p < m}

It follows that:

. Li ASn_1 (X y1m_1) ifn>1
AS, (X|y) = 4 Ziez,r Li A (X[ y1m 2
(%) { maX(OTyO—LO) ifn=1 )

where Ej =L;Vj € Zyand Ep = 1o —lp. The base-case (n = 1) here is the exclusive hypervolume
(change in hypervolume) in 1-dimensional space, which is just the change in dominated length. The
exclusive hypervolume may be calculated directly using a slight variant of the HSO algorithm. The
prune and sort steps remain unchanged, and the position p may be trivially calculated. The structure
of the recursive equation is also much the same, except that the range of summation is different

(j € Zp41 rather than Z,, ), the length L; has been replaced by L j» and the base case differs.

S Expected Hypervolume Improvement

In multi-objective optimisation we often wish to calculate the expected hypervolume improve-
ment. This is similar the the exclusive hypervolume, except that y is treated as a random vari-
able rather than a known quantity. Suppose y ~ P, where P is some distribution, such that
the scalar components yg, y1, - . . are drawn from independent distributions y; ~ P; Vi € Z,, (so
P=Py®P1®...% Pn_1). Further assume that Vi € Z, the distributions P; are continuous
distributions with densities f; (z). The expected hypervolume improvement is:

A8, (X|P) = E[AS, (X]y)|y ~ P]
= f;ozo . f::,1=0 AS, (X|z) fo(20) - fae1 (zn-1)dz0...dzp_1

- Z:1'/’€Z'rr1,+1 AS”?F (Xa P) lfn > 1
where, recalling that lo = 0, tm, = 00 and u; = l;41, we have defined:

A8n7p(X|P) = ful) o foc ASn(X|Z) fo (Zo) fl (21)...d2’0...d2n_1

zo=lp Jz1=0"""Jz,_1=0

Using (2) it follows that:
ASn;p(X\P):jZf (z=1p) fo@dz AS, 1 (Xp|Pr:na) +Zjezp ijz)pfo(z)dz AS,—1(X;|Prina1)

where we have slightly abused Matlab notation by denoting P1.,, 1 = P1 @ P2 @ ... ® Pp_1.
Combining these results, and recalling that L,,, = 0, X,,, = (), it may be seen that:

AS, (X|P) = { 2jetpss Li ASn1 (X[ Prina) ifn > 1 )

Lom ifn=1

where L; = 9 (z=1) fo(z)dz+ L; [° fo(2) dz Vj € Zy1. This recursive equation allows

us to calculate EHI using a simple variant of the HSO algorithm. There are two distinguishing
features here that differ from the HSO algorithm, namely that the range of summation is j € Z, 41
(as opposed to j € Z,, in (1)); and the lengths L; used in the HSO algorithm must be replaced by the

distribution-dependent scaling factors L;. We call this variant of the HSO algorithm for calculating
EHI the AHSO algorithm.

Depending on the distribution the density-dependent scaling factors Ej may be derived in



i=[0,1]
it=[2]
i=[3]

& w|w
NN

St six,)

@:\‘\\ :—;72 +4E Xy " F 5(X,)

| Slice1 Collapsed | slice2  Collapsed

Sx)= 4

Collapsed

Figure 2: HSO algorithm operational example.
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closed-form. For example, suppose P; = N (ui,af) Vi € Z,. Tt follows that f;(z) =
(2027) 12 exp(—(z — ;) /(20%)), and it is not difficult to show that:

f,ivffi(Z)dz:%<erf<A\/}T";>_erf (7\71/2% )
M, (Ndzy = T opf [ i | — opf [ Mz 0 " (mep)?) (Mep)?
nemmfirde =555 Ny W= T2\ &P~ 52 exp 207

and hence:
L = ove (4522) —ove (%58) ¥ € Zms L = e (“522) @
where e (z) = o (erf (2) — 1) + %ﬂ exp (—2?).

6 Experimental Validation

In our experiments we have compared three algorithms: AHSO (our algorithm), AHSOy,; (an opti-
mised version of our algorithm that (a) retains a cache of calculated E;; = oje((z} — 1)/ (v205))

values and (b) pre-calculates index vectors i’ etc that depend only on X) and IRS (the algorithm de-
scribed in described [7]). All simulations were written in C++. We have used the ConvexSpherical
and ConcaveSpherical datasets from [4] with1 < n < 9.

We have validated our method by comparing the output of AHSO with IRS for all experiments.'
Figure 1 shows the average computation time (computed over 1000 sequential evaluations each) for
a single evaluation of EHI for AHSO, AHSOy,; and IRS algorithms. As can be seen from these
results AHSO is significantly faster than IRS, and moreover AHSOyg,g; is faster than AHSO.

7 Conclusion

We have presented a simple recursive algorithm (AHSO) for calculating the expected hypervolume
improvement (EHI) using a variant of the recursive hypervolume slicing optimisation (HSO) algo-
rithm used for calculating hypervolume (not EHI). In contrast to most cell-based approaches, our
method is recursive and therefore very easy to implement. We have shown that the computational
cost of our approach in practise is better than that of comparable cell-based algorithms (IRS). We
have also presented an optimised form of AHSO, called AHSOy,st, and studied the relative merits
of AHSOg¢,st and AHSO.

"For validation of results we also implemented a simplified version of [1]. As we implemented only a
simplified version of this algorithm (using binary cells rather than WFG generated ones) we have not reported
timings as they are not representative of the full version.
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