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Abstract

Bayesian optimisation presents a sample-efficient methodology for global optimisation.
Within this framework, a crucial performance-determining subroutine is the maximisa-
tion of the acquisition function, a task complicated by the fact that acquisition func-
tions tend to be non-convex and thus nontrivial to optimise. In this paper, we under-
take a comprehensive empirical study of approaches to maximise the acquisition function.
Additionally, by deriving novel, yet mathematically equivalent, compositional forms for
popular acquisition functions, we recast the maximisation task as a compositional opti-
misation problem, allowing us to benefit from the extensive literature in this field. We
highlight the empirical advantages of the compositional approach to acquisition function
maximisation across 3958 individual experiments comprising synthetic optimisation tasks
as well as tasks from Bayesmark. Given the generality of the acquisition function max-
imisation subroutine, we posit that the adoption of compositional optimisers has the po-
tential to yield performance improvements across all domains in which Bayesian optimi-
sation is currently being applied. An open-source implementation is made available at
https://github.com/huawei-noah/noah-research/tree/CompB0/B0/HEBO/CompBO.
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1. Introduction

Bayesian optimisation is a method for optimising black-box objective functions (Kushner,
1964; Mockus, 1975; Jones et al., 1998). The black-box optimisation (BBO) problem de-
scribes the search for the global maximiser x* of an unknown objective function f(x). The
objective function is unknown in the sense that an analytical form is unavailable. How-
ever, the objective may still be evaluated pointwise at arbitrary query locations within the
bounds of the design space. A further characteristic of the BBO problem is that each query
is expensive in terms of time, and as such, it is desirable to query as few points as possible
in the search for the global maximiser.

Real world examples of BBO problems are ubiquitous. Illustrative examples include
hyperparameter tuning in machine learning (Falkner et al., 2018; Kandasamy et al., 2018;
White et al., 2019; Gabillon et al., 2020; Cowen-Rivers et al., 2020a; Turner et al., 2021),
where the black-box objective is the mapping between a set of model hyperparameters x
and the validation set performance f(x), as well as automatic chemical design (Gémez-
Bombarelli et al., 2018; Korovina et al., 2020; Moss and Griffiths, 2020; Griffiths and
Hernandez-Lobato, 2020), where the black-box objective is the mapping between a molecule
x and its suitability as a drug candidate f(x). Further examples of BBO problems appear
as subroutines of optimisation algorithms such as immune optimisation (Zhang et al., 2015;
Mahapatra et al., 2015), ant colony optimisation (Yoo and Han, 2014; Speranskii, 2015)
and genetic algorithms (Peng and Li, 2015), in reinforcement learning when accounting for
safety (Cowen-Rivers et al., 2020b; Abdullah et al., 2019), in multi-agent systems to com-
pute Nash equilibria (Yang et al., 2020; Aprem and Roberts, 2018), in speech recognition
(Moss et al., 2020b) and more broadly across domains spanning architecture (Costa et al.,
2015), supply chain networks (Aziz et al., 2021), human motion prediction (Bourached
et al., 2020), the fine arts (Stork et al., 2021), astrophysics (Griffiths et al., 2021), chemical
engineering (Ploskas et al., 2018), materials science (Cheng et al., 2020) and biology (Shah
and Sahinidis, 2012; Moss et al., 2020a).

Various strategies exist for optimis-
ing black-box objective functions includ-
ing zero-order methods (Valko et al., 2013;
Grill et al., 2015; Gabillon et al., 2020), re-
source allocation methods (Li et al., 2017;
Falkner et al., 2018) and surrogate model-
based methods (Snoek et al., 2012; Shahri-
10 10 ari et al., 2016; Frazier, 2018). In this pa-
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cilitates data efficiency by making use of the full optimisation history to represent the
black-box function and additionally leverages uncertainty estimates to guide exploration.
Given that the true sequential risk describing the optimality of a sequence of queries is com-
putationally intractable, an acquisition function is a myopic heuristic which acts as a proxy
to the true sequential risk. The acquisition function measures the utility of a query point x
by its mean value under the surrogate model (exploitation) as well as its uncertainty under
the surrogate model (exploration). At each round of the Bayesian optimisation algorithm,
the acquisition function is maximised to select the next query point.

It has been argued that maximisation

¢ 0 of the acquisition function is an impor-

1.1 tant, yet neglected determinant of the per-
T formance of Bayesian optimisation schemes
(Wilson et al., 2018b). The vast major-

e FJ_ I Fé "7 ity of acquisition functions however, con-

g stitute a serious challenge from the stand-
@ 0.9 point of optimisation; a characteristic exac-
erbated in the batch setting, where acqui-

08 ’ sition functions are routinely non-convex,

high-dimensional and intractable (Wilson
et al., 2018b). Many strategies exist for
optimising acquisition functions including
DT RF SVM Ada kNN LassoLinear gradient-based methods (Duchi et al., 2011;
= Compositional =1 Non-compositional ~ Hinton et al., 2012; Kingma and Ba, 2015),
evolutionary methods (Igel et al., 2006; Jas-
Figure 2: Bayesmark regression summary trebski and Arnold, 2006; Hansen, 2016)
amalgamating the results from 54 Bayesmark as well as variations of random search
regression tasks when we compare compo- (Schumer and Steiglitz, 1968; Schrack and
sitional and non-compositional optimisers. Choit, 1976; Bergstra and Bengio, 2012). In
Higher score is better. Boxplots show median, this work, we choose to focus on gradient-
lower and upper quartiles of the scores. Re- based methods which were recently shown
sults show that compositional optimisers out- to be highly effective for optimising a wide
perform non-compositional optimisers on half class of Monte Carlo acquisition functions
of the tasks. (Wilson et al., 2018b).

0.7 ¢

The most commonly-used acquisition
functions in practical applications (Snoek et al., 2012) are Monte Carlo acquisition functions
in the sense that they are formulated as integrals with respect to the current probabilistic
belief over the unknown function f (Shahriari et al., 2016; Wilson et al., 2018b); these in-
tegrals are typically intractable and as such are approximated by the corresponding Monte
Carlo (MC) estimate. In order to admit gradient-based optimisation, a reparametrisation
trick (Kingma and Welling, 2014; Rezende et al., 2014), introduced first as infinitesimal
perturbation analysis (Cao, 1985; Glasserman, 1988), is applied to facilitate differentiation
through the MC estimates with respect to the parameters of the surrogate model. It was
shown in (Wilson et al., 2018b) that acquisition functions estimated via MC integration are
consistently amenable to gradient-based optimisation via standard first and second-order
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methods including SGA (Bottou and Bousquet, 2007), Adam (Kingma and Ba, 2015), RM-
Sprop (Hinton et al., 2012), AdaGrad (Duchi et al., 2011) and L-BFGS-B (Zhu et al., 1997).

In this work, we exploit the observation that most common acquisition functions exhibit
compositional structure and hence can be equivalently reformulated in a compositional form
(Wang et al., 2017a). Such a reformulation allows a broader class of optimisation techniques
to be applied for acquisition function optimisation (Tutunov et al., 2020; Ghadimi et al.,
2020; Wang et al., 2017b) and in practice can more often enable better numerical perfor-
mance to be achieved in comparison with standard first and second-order methods. The
compositional form is achieved for the expected improvement (EI), simple regret (SR), up-
per confidence bound (UCB) and probability of improvement (PI) acquisition functions by
first exposing the finite-sum form of the reparameterised acquisition functions derived by
(Wilson et al., 2018b) and second introducing a deterministic outer function when consider-
ing the problem from a matrix-vector perspective. It should be noted that reformulating the
acquisition function in a compositional form is distinct from the setting where the black-box
function has a compositional form (Astudillo and Frazier, 2019).

In order to both improve and anal-
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compositional form of the acquisition func- 1.050 T
tion, we introduce several algorithmic adap- 1.025 e %I;‘
tations. Firstly, we present (C)L-BFGS; 1.000
a modification to the L-BFGS algorithm o J_ T T
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(Kingma and Ba, 2015) which borrows the 0.925
hyperparameter settings of CAdam (Tu- 0.900
tunov et al., 2020) and facilitates perfor- 0.875 .

mance comparison between compositional
and non-compositional optimisers. Lastly,
we formulate a generalised iterative update
rule for first-order compositional optimisers
and show how the updates of a number of
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Figure 3: Bayesmark classification summary

first-order optimisers may be expressed in
this manner.

In our empirical study, we seek to iden-
tify the most effective means of optimising
the acquisition function under a range of
experimental conditions including input di-

amalgamating the results from 54 Bayesmark
classification tasks, we compare compositional
and non-compositional optimisers. Higher
score is better. Boxplots show lower, median
and upper quartiles of the data. Results show
compositional optimisers outperforming non-
compositional optimisers across all tasks.

mensionality, presence or absence of obser-

vation noise and choice of acquisition function. We investigate twenty-eight optimisation
schemes, spanning zeroth, first and second-order optimisers as well as both compositional
and non-compositional methods. Additionally, we seek to answer the following questions:
Are there benefits to the finite-sum formulation of the reparameterised acquisition functions
compared to the more frequently-encountered empirical risk minimisation formulation? Are
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compositional or non-compositional approaches to optimisation more effective and if so, un-
der what conditions are they more effective? What are the performance-related trade-offs
in memory-efficient implementations of compositional acquisition functions? How does the
wall-clock time of compositional optimisation methods compare to non-compositional opti-
misation methods, and how does this vary with the dimensionality of the input space? How
do compositional optimisers fare when faced with noisy observations?

In order to answer these questions, we first perform a set of experiments across five
noiseless synthetic function tasks. Using this set of noiseless experiments as a filter for the
most effective optimisers, we then perform a second set of experiments on the Bayesmark
data sets which are noisy and bear a closer resemblance to real-world problems than the
synthetic tasks. Our results for the synthetic experiments are summarised in Figure 1
whilst our results for the Bayesmark data sets are summarised in Figure 2 and Figure 3 for
the regression and classification challenges respectively. In sum total, our empirical study
comprises 3958 individual experiments.

The paper is organised as follows: First, we introduce the necessary background on the
Bayesian optimisation framework. Second, we hone in on the acquisition function max-
imisation subroutine of Bayesian optimisation with the intent to understand the efficacy
of compositional optimisation schemes. We provide a general overview of compositional
optimisation and derive compositional forms for the four most popular myopic acquisition
functions. Third, we discuss state-of-the-art compositional solvers, namely CAdam, NASA,
SCGA and ASCGA. Fourth, we detail our experimental setup and present the empirical re-
sults. Fifth, we analyse the experimental results, draw conclusions and indicate avenues for
future work as well as descriptions of open problems in acquisition function maximisation.

2. Bayesian Optimisation

We consider a sequential decision-making approach to the global optimisation of smooth
functions f : X — R over a bounded input domain X C R?. At each decision round, i, we
select an input x; € X’ and observe the value of the black-box function f(x;). We allow the
returned value to be either deterministic i.e., y; = f(x;) or stochastic with y; = f(x;) + €,
where ¢; denotes a bounded-variance random variable. Our goal is to rapidly approach
the maximum x* = argmaxxecy f(X) in terms of cumulative regret Ry = Zg‘rzl r+ where

re=f(x*)—f (xgnew)) is the distance between maximum function value f(x*) and function

value at the algorithm’s best recommendation at round ¢ denoted as Xgnew). Since both
f(-) and x* are unknown, solvers need to trade off exploitation and exploration during the
search process.

To reason about the unknown function, typical Bayesian optimisation algorithms assume
smoothness and adopt Bayesian modelling as a principle to carry out inference about the
properties of f(-) in light of the observations. Here, one introduces a prior to encode
beliefs over the smoothness properties and an observation model to describe collected data,
D; = {x;,y1};=,, up to the it" round with n; denoting the total acquired data so far. Using
these two components in addition to Bayes rule, we can then compute a posterior p(f(-)|D;)
to encode all knowledge of f(-) allowing us to account for the location of the maximum.
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2.1 Bayesian Optimisation with Gaussian Processes

A Gaussian process (GP) offers a flexible and sample-efficient procedure for placing priors
over unknown functions (Rasmussen and Williams, 2006). These models are fully specified
by a mean function m(x) and a covariance function, or kernel, k(x,x’) that encodes the
smoothness assumptions on f(-). Given any finite collection of inputs Xxi.,,, the outputs are
jointly Gaussian given by:

f(xl:ni)|0 ~N (m(xl:ni)a KG(chni7X1:ni)) s

where [m(X1.n,)]x = m(x)) denotes the mean vector, and Kg(X1.n,;,X1:;) € R™*™ the
covariance matrix with its (k, 1) entry computed as (Ko (X1:n;, X1:n;) ]k = ko(xk,x;). Here,
kg (-, -) represents a parameterised kernel with unknown hyperparameters @ corresponding to
lengthscales or signal amplitudes for example. For ease of presentation following (Rasmussen
and Williams, 2006), we use a zero-mean prior in our notation here. In terms of the choice
of Gaussian process kernel, there are a wide array of options which encode prior modelling
assumptions about the latent function. Two of the most commonly-encountered kernels
in the Bayesian optimisation literature are the squared exponential (SE) and Matérn(5/2)
kernels

1
[KgE(XI:anl:ni)}hl = k’gE(Xk,Xl) = exp (_2742)

atérn atérn 5
[Kg4 térn(5/2) (X105 X1:n;) 1) = k?(I;A /2 (x4, %)) = exp (—\/5r> (1 +V5r + 37"2) ,

where r = \/(xk — xl)T diag (02)_1 (x —x;) and 0 € R? denotes the d-dimensional hyper-
parameters with 6% executed element-wise. As noted in (Rasmussen and Williams, 2006),
both these kernels are suited for situations where little is known about the latent function in
question. The Matérn kernel, however, is arguably suitable for a broader class of real-world
Bayesian optimisation problems as it imposes less restrictive smoothness assumptions on
f(-) (Stein, 2012). Following initial experimentation with linear, cosine, squared exponen-
tial and various Matérn kernels, we chose the Matérn(5/2) kernel to perform all experiments
with.

Given the data D;, and assuming Gaussian-corrupted observations y; = f(x;) + ¢; with
i ~ N(0,02), we can write the joint distribution over the data and an arbitrary evaluation
input x as:

]

where K = Kg(X1:n;, X1:n,) and k) (x) = Kko(X1:n,,X). With the above joint distribu-
tion derived, we can now easily compute the predictive posterior through marginalisation

0 lo KS?JTFUQI k) (x)
KIT(x)  ka(x,x)
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(Rasmussen and Williams, 2006) leading us to f(x)|D;,0 ~ N (p;(x;0), 04(x; 0)?) with:

ni(x;8) = k) (x)T(KY) + 1) "y,
0i(x;0)% = ko (x,x) — k§ (x) (K + 021) kY (x).

Of course, the above can be generalised to the case when a predictive posterior over ¢
arbitrary evaluation points, x7,,, needs to be computed as is the case in batched adaptations
of Bayesian optimisation. In such a setting f(x7.,)|Di, 0 ~ N (p;(x7,,; 0), Zi(x7,; 0)) with:
Hi(xfzq; 0) = K(BZ) (X,I(:qv Xlﬂz)(K(BZ) + 021)_1y1:n¢
. ; . T
Bi(xlg: 0) = Kp (x1.q. %10) — Ky (61 %10 (K +0”D) 7K (10, ).

The remaining ingredient needed in a GP pipeline is a process to determine the unknown hy-
perparameters @ given a set of observation D;. In standard GPs (Rasmussen and Williams,
2006), O are fit by minimising the negative log marginal likelihood (NLML) leading us to
the following optimisation problem:

mein J(0) = %det (C?) + %y-{:nicg)’_lylzm + % log 27, with Cg) = Kg) +0%. (1)

The objective in Equation 1 represents a non-convex optimisation problem making GPs
susceptible to local minima. Various off-the-shelf optimisation solvers ranging from first-
order (Kingma and Ba, 2015; Bottou and Bousquet, 2007) to second-order (Zhu et al., 1997;
Amari, 1998) methods have been rigorously studied in the literature. In our experiments,
we made use of a set of implementations provided in GPyTorch (Gardner et al., 2018) that
relied on a scipy (Virtanen et al., 2020) implementation of L-BFGS-B (Zhu et al., 1997)
for determining 8. It is also worth noting that gradients of the loss in Equation 1 require
inverting an n; x n; covariance matrix leading to an order of O(n?) complexity in each
optimisation step. In large data regimes, variational GPs have proved to be a scalable
methodology through the usage of m << n; inducing points (Titsias, 2009; Hensman et al.,
2013).

In Bayesian optimisation however, data is typically sparse due to the expense of evalu-
ating even one query of the black-box function, which makes the application of sparse GPs
less attractive in these scenarios. While other scalable surrogate models such as Bayesian
neural networks (BNNs) and Random Forest have featured in the literature (Snoek et al.,
2015b; Hutter et al., 2011b), each come with disadvantages. Many BNN-based approaches
rely on approximate inference, and hence uncertainty estimates may deteriorate in quality
relative to exact GPs while the Random-Forest-based SMAC algorithm is not amenable to
gradient-based optimisation due to a discontinuous response surface (Hutter et al., 2011a;
Shahriari et al., 2016). As such, we restrict our focus to exact GPs and direct the reader to
external sources for discussion on alternative surrogate models such as sparse GPs (MclIntire
et al., 2016), BNNs (Snoek et al., 2015a; Springenberg et al., 2016; Hernédndez-Lobato et al.,
2017), neural processes (Kim et al., 2018) as well as heteroscedastic GPs (Calandra, 2017;
Griffiths et al., 2019).



GROSNIT, COWEN-RIVERS, TUTUNOV, GRIFFITHS, WANG, AND BOU-AMMAR

2.2 Acquisition Functions

Having introduced a distribution over latent black-box functions and specified mechanisms
for updating hyperparameters, we now discuss the process by which novel query points are
suggested for collection in order to improve the surrogate model’s best guess for the global
optimiser x*. In Bayesian optimisation, proposing novel query points is performed through
maximising an acquisition function a(-|D;) that trades off exploration and exploitation by
utilising statistics from p(f(-)|D;), i.e., xj+1 = argmaxx a(x|D;). Acquisition functions
can be taxonomised into myopic and non-myopic forms (Gonzélez et al., 2016). The former
class involves integrals defined in terms of beliefs over unknown outcomes from the black-box
function, while the latter class constitutes more complicated nested integrals. In this paper,
we focus on representative examples of standard myopic acquisitions whilst considering
entropy search as a widely-used non-myopic acquisition. We detail these acquisitions next.

Expected Improvement: One of the most popular acquisition functions is expected
improvement (Mockus, 1975; Jones et al., 1998), which determines new query points by
maximising expected gain relative to the function values observed so far. Formally, denote

by x; an input point in D; for which f(-) is maximised, i.e., x; = arg MaXxexi.,, [ (X).
Given xf, we define an expected improvement acquisition to compute the expected positive

gain in function value compared to the best incumbent point in D; as:

ap1(X|D;) = B p,0 [max{(f(x) — f(x;)),0}] = Efops0 [ReLU(f(x) — f(x;))]

where ReLU represents a rectified linear unit with ReLU(a) = max{0,a}. The above
can be generalised to support a batch form generating xi., query points as introduced
in (Ginsbourger et al., 2008). Here, we first compute the multi-dimensional predictive
posterior f(X1.q)|D;, 0 as described in Section 2.1 and then define the maximal gain across
all g-batches as:

aqE1(X1:4|Di) = Eg(xy.,) ;.0 %%};{RQLU(f(Xlzq) — f(x)19)} (2)

where 1, denotes a ¢-dimensional vector of ones and as such, the ReLU(-) is to be executed
element-wise. In words, Equation 2 simply computes the expected maximal improvement
across all g-dimensional predictions compared to the best incumbent point in D;. This
form of acquisition is termed joint parallel acquisition function maximisation in (Wilson
et al., 2018b) (other forms being greedy and incremental) and is chosen for the experiments
in this paper due to its usage in the BoTorch library (Balandat et al., 2020). In joint
parallel acquisition function maximisation, each query point is treated as a dimension of
the acquisition surface and the set of batch points is optimised on this surface cf. figure 2
of (Wilson et al., 2018b) for an illustration.

Probability of Improvement: Another commonly-used acquisition function in Bayesian
optimisation is the probability of improvement criterion which measures the probability of
acquiring gains in the function value compared to f (X:_) (Kushner, 1964). Such a probability
is measured through an expected Heaviside step function as follows:

ap1(x|D;) = Epops 0 [1{f(x) — f(x)}]
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with 1{f(x) — f(x])} = 1if f(x) > f(x;) and zero otherwise. Analogous to expected
improvement, we can extend api(x|D;) to a batch form by generalising the step function to
support-vectored random variables in addition to adopting maximal gain across all batches
as an improvement metric:

aq—PI(Xl:q’Di) = Ef(xqu)rDi,B ?é?}; {l{f(xltq) - f(Xj)lq}} ) (3)

where 1{f(x1.,) — f(x;/)1,} returns a g-dimensional binary vector with [1{f(x1.,) —
F(xN)}; = 1if [f(x1:9)]; > [f(x])14]; and zero otherwise for all j € {1,...,q}.

Simple Regret: In simple regret, new query points are determined by maximising ex-
pected outcomes, i.e., asr(x|D;) = Etx)p, 6[f(x)]. This, in turn, can also be generalised
to a batch mode by considering the maximal improvement across all ¢ batches leading to:

-8R (X1:4|Ds) = Efxy,) 1,0 [%?113; {f(Xlzq)}} :

Upper Confidence Bound: In this type of acquisition, the learner trades off the mean
and variance of the predictive distribution to gather new query points for function evalua-
tion (Srinivas et al., 2010). In the standard form, an upper-confidence bound acquisition can
simply be written as: aycp(x|D;) = pi(x;0) +/Boi(x; 0) with 3 € R being a free tuneable
hyperparameter. Although widely used, such a form of the upper-confidence bound is not
directly amendable to parallelism. To circumvent this problem, the authors in (Wilson et al.,
2018b) have shown an equivalent form for the expectation by exploiting reparameterisation
leading to:

en (x[D:) = ui(x:0) + /Boi(x:0) = E sy ip, 0 |13 0) + /57 2l(x:0)]

with v;(x;0) = f(x) — pi(x;0). Given such a formulation, we can now follow similar
reasoning to previous generalisations of acquisition functions and consider a batched version
by taking the maximum over all ¢ query points:

aq-UCB (X1:4|Di) = Egey,,) 01,0 [yg;; {ui(XLq; 0) + VA2l (X1 9)|}} )

where 7v;(x1.4;0) = f(x1.q) — p;(x1:¢; ).

Entropy Search: In (Hennig and Schuler, 2012), an information-theoretic approach is
introduced to select novel query points based on an approximation of the posterior entropy
for the global optimiser x*. The next point x;4; is chosen to minimise the posterior entropy
E¢x|p;,).0 H[p(x*|D; U {x, f(x)})]] and hence minimises the uncertainty over the location
of xT. In (Wilson et al., 2018b), a parallel implementation is introduced via a g—batch
form for the entropy search acquisition function

) — (2) (2)
aQ-ES(Xl:q‘DZ) - _Ef(X1:q)|Di,9 |:H I:Ef( (g)>|DiU{X1;q§f(X1:q)},9 l{f(xlu) - gn?Xf(Xj )1u}:|:|:| ’

X1 cliu

9
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where xgii is a grid of w discrete locations sampled from the input domain X

according to a discretisation measure U(:|D;), H[-] is the Shannon entropy and

]l{f(x%l) — maXjel:y f(xg.g))lu} returns a u-dimensional binary vector with []l{f(x%i) —

max;ei:y f(X;-g))lu}]g = 1 if f(xég)) = maXjei:y f(xg.g)) and zero otherwise for all ¢ €
{1,...,u}

Following the introduction of GP surrogate models and acquisition functions, we are
now ready to present a canonical template for the Bayesian optimisation algorithm. The
main steps are summarised in the pseudocode of Algorithm 1.

Algorithm 1 Batched Bayesian Optimisation with GPs
1: Inputs: Total number of outer iterations IV, initial randomly-initialised data set Dy =

{x1,y1 = f(x1)}]22,, batch size ¢, acquisition function type
2: fori=0: N —1:

3 Fit the GP model to the current data set D; by ming J(6) from Equation 1
4: Find ¢ points by solving XSI};W) = arg maxy,,, Qq-type(X1:¢|Di) )

5 Evaluate new inputs by querying the black-box to acquire ygrf;w) =f (xg?;w) )
6 Update the data set creating D;11 = D; U {Xl(new),yl(new)}?’:1

7: end for
8: Output: Return the best-performing query point from the data x* = arg maxxep, f(x)

First, a GP model is fit to the available data (see line 3 of Algorithm 1) enabling the
computation of the predictive distribution needed to maximise the acquisition function (line
4). Having acquired new query points, the learner then updates the data set D; after which
the above process repeats until a total number of iterations IV is reached. At the end of the
main loop, Algorithm 1 outputs x*, the best performing input from all acquired data Dy.

Clearly, maximising acquisition functions plays a crucial role in Bayesian optimisation
as this step constitutes the process by which the learner yields concrete exploratory actions
to improve the guess for the global optimum x*. The majority of acquisition functions, how-
ever, are often intractable, posing formidable challenges during the optimisation step in line
4 of Algorithm 1. In order to tackle these challenges, researchers have proposed a plethora
of methods that can generally be categorised into three main groups. Approximation tech-
niques, the first group, replace the quantity of interest with a more readily-computable
one e.g. (Cunningham et al., 2011) apply expectation propagation (Minka, 2001a,b; Opper
et al., 2001) as an approximate integration method while (Wang and Jegelka, 2017) apply a
mean field approximation to enable a Gumbel sampling approximation to their max-value
entropy search acquisition function. As noted in (Wilson et al., 2018b), these methods tend
to work well in practice but may not converge to the true value of the optimiser. On the
other hand, solutions provided in the second group (Chevalier and Ginsbourger, 2013) de-
rive near-analytic expressions in the sense that they contain terms such as low-dimensional
multivariate normal cumulative density functions that cannot be computed exactly but for
which high-quality estimators exist (Genz, 1992, 2004). As noted again by (Wilson et al.,
2018b), these methods rarely scale to high dimensions. Finally, the third group comprises
Monte Carlo (MC) methods (Osborne et al., 2009; Hennig and Schuler, 2012; Snoek et al.,
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2012) which provide unbiased estimators to a(-|D;). MC methods have been successfully
used in the context of acquisition function maximisation to the extent that they form the
backbone of modern Bayesian optimisation libraries such as BoTorch (Balandat et al., 2020).

As such, given their prevalence in present-day implementations, we restrict our at-
tention to MC techniques and note three classes of widely-used optimisers. Zeroth-order
procedures (Hazan, 2016; Gabillon et al., 2020), such as evolutionary algorithms (van Rijn
et al., 2016; Blank and Deb, 2020), only use function value information for determining
the maximum of the acquisition. First-order methods (Kingma and Ba, 2015; Bottou and
Bousquet, 2007), on the other hand, utilise gradient information during the ascent step,
while second-order methods exploit (approximations to) Hessians (Byrd et al., 1995; Zhu
et al., 1997; Boyd and Vandenberghe, 2004; Tutunov et al., 2015, 2019) in their update.
During the implementation of first and second-order optimisers, one realises the need for
differentiating through an MC estimator with respect to the parameters of the generative
distribution P(-). As described in (Wilson et al., 2018b), this can be achieved through
reparameterisation in two steps: 1) reparameterising samples from P(-) as draws from a
simpler distribution 75(), and 2) interchanging integration and differentiation by exploiting
sample-path derivatives. After reparameterisation, the designer faces two implementation
choices which we refer to as ERM-BO and FSM-BO akin to the distinction between em-
pirical risk minimisation (Gonen and Shalev-Shwartz, 2017) and finite sum (Schmidt et al.,
2017) optimisation forms?.

In an ERM-BO construction, samples from 75() are acquired at every iteration of the
optimisation algorithm as needed. In contrast, in an FSM-BO setting, all samples from
75() are obtained upfront and mini-batched during gradient computations. Due to mem-
ory consideration, especially in high-dimensional scenarios, the ERM-BO version has been
mostly preferred and studied in the literature (Knudde et al., 2017; Balandat et al., 2020).

In this paper however, we are interested in both views and desire to shed light on
best practices when optimising acquisition functions. To accomplish such a goal, we care-
fully probe both settings and realise that an FSM-BO implementation enables a novel
connection to a compositional (nested expectation) formulation that sanctions new com-
positional solvers not previously attempted. Next, we derive such a connection, present
memory-efficient optimisation algorithms for FSM-BO, and demonstrate empirical gains in
large-scale experiments.

3. Acquisition Function Maximisation

The first step in investigating different implementations of BO is to derive relevant repa-
rameterised forms of the acquisition functions in Section 2.2. When reparameterising one
reinterprets samples y;, ~ P(y; @) as a deterministic map Ag(+) of a simpler random variable
zi, ~ P(z), that is y = Ag(z). Under these conditions, the expectation of some loss £(-)
under y can be rewritten in terms of P(z) as Eypy:0)[L(y)] = B, [L(No(z))] allow-

1. Of course, an empirical risk and a finite sum formulation become equivalent as samples grow large. In
reality, infinite samples cannot possibly be acquired hence our two-class categorisation.

11
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ing us, under further technical conditions (Wilson et al., 2018b), to push gradients inside
expectations when needed.

Before diving into ascent direction computation, we first present reparameterised acqui-
sition formulations as derived in (Wilson et al., 2018b). First, we realise that all batched
acquisition functions in Section 2.2 involve an expectation over the GP’s predictive poste-
rior f(x1.4)|D;, 0 ~ N (p;(X1.4:0), Xi(x1.4;0)). Second, we recall that if a random variable
is Gaussian distributed, one can reparameterise by choosing z ~ N(0,I) and then ap-
plying Ag(z) = p;(x1.4;0) + Li(x1.4;0)z with L;(x1.4; 0)L] (x1.4;0) = Zi(x1.4;0). Using
such a deterministic transformation Ag(z), the original random variable’s distribution re-
mains unchanged indicating a mean p;(x1.4;0) and covariance 3;(xi.4;60). Now, we can
easily replace Ag(z) in each of the expected improvement, simple regret, upper confidence
bound, and entropy search acquisitions leading us to the following batch-reparameterised
formulations:

rg-E1(X1:¢|Di) = Ezpr(o,1) max {ReLU (p;(X1:4; 0) + Li(x1.450)z — f(x;)1,) }] , (4)
Qrq-SR (X1:4|Di) = Eznro,1) ;251”; {1 (x1:45 0) + Li(x1.4; O)Z}] ) (5)
rqUCB(X1:4|Di) = Ezno1) max {Hi(XLq; 0) + /87 /2|L;(x1.4; 9)Z|}} : (6)

When it comes to probability of improvement, the direct insertion of A\g(z) into Equa-
tion 3 is difficult due to the discrete nature of the utility measure that violates differen-
tiablity assumptions in reparameterisation (Jang et al., 2017). To overcome this issue, we
follow (Wilson et al., 2018b) and adopt the concrete (continuous to discrete) approximation
to replace the discontinuous mapping (Maddison et al., 2017) such that transformed and
original variables are close in distribution. Sticking to the formulation presented (Wilson
et al., 2018b), we loosen the indicator part of aq.pi(-) from Equation 3 and write:

max {1{f(x1) — f(x])14}} ~ max {Sig <f(X1:q> - f(x?)1q> } ,

j€liq T

where Sig(-) is executed component-wise and denotes the sigmoid function with 7 € R4
representing its temperature parameter that yields an exact approximation as 7 — 0. Given
the approximation above and using a multivariate standard normal (instead of a uniform,
see (Maddison et al., 2017)) as 75(z), we derive the following reparameterised form for the
probability of improvement acquisition:

1i(X1:; 0) + Li(x1.4; 0)z — f(Xf)lq> H NG

T

rg-P1(X1:4|Di) = Epn(on) [?61?3; {Sig <

Finally, for the entropy search acquisition function, the above reparametrisation
trick should be applied twice: for the outer posterior distribution f(x1.4)|D;,0 ~

N(pi(x1.4;0),3i(x1.4;0)) and for the inner posterior distribution f(xf&) |D; U

12



ComMPBO: COMPOSITIONAL BAYESIAN OPTIMISATION

(%13 (x1:0) 1 0 ~ N (2 (x&): £(x10), 0), B (x1%); 0)) with:

() f(x10). 0) = K (45, s Ucry)

/

K(i) 21 K(i) D; -
Qr + o G( i) X1:q) [ Yln;
Ky (Dix1q) Ky (xiq:X10)

(2),(3)
Ky

) | 2 (i) -1
i (i K, + 0“1 K, (D;, x1. .(3),
5 (x{):0) = K (x5, x(5) - KO [ 9 g (Pinxia) ] KO

Kg)’T(Di,qu) Ké’)(xl:q,xm)

Due to the nested expectation structure of the entropy search acquisition function
aq-Es(X1:¢|D;), in order to rewrite it in the reparametrised form we consider two deter-
ministic transformations )\g)(z) = p;(x1.4;0) + L;j(x1.4; 0)z with Cholesky decomposition
Li(X1:g; 0)L] (X1:4; 0) = 5(x1,4;0) and 0l (w) = p'® (x8): f(x1,9), 8) + L (x&): ) with
Cholesky decomposition ng) (X120 9)L§g)’T(X1;u; 0) = Ez(g) (xg’%i; 0). Choosing random vec-
tors z ~ N(0g4,I;xq) and w ~ N(0y, Lxy)? in the above transformations /\g)(~), gg)(-)
respectively, and applying the following smooth approximation for the step function:

)

(8) /(8. () @, ()
w® (82 (2),0) + Li¥ (%% 0)w
1{f(x{%)) - max FxEN1,} ~ SM ( 1} Ao ’ 8

with SM(+) being a softmax function and 7 € R4 a temperature parameter controlling the
approximation accuracy, we arrive to the batch-reparametrised form for the entropy search

(&) (L (8). 3 () (&) (L (8).
B [SM (u (xif: X (2), 0) + Li¥ (x]5 0>w>m -

acquisition function:

H

Qrg-ES (Xlzq’Dz‘) = _Ez T

Given reparameterised acquisitions, we now turn our attention to ERM- and FSM-BO
depicting both implementations and presenting novel compositional procedures that are
sample and memory efficient.

3.1 ERM-BO using Stochastic Optimisation

Mainstream implementations of BO cast the inner optimisation problem (line 4 in Algo-
rithm 1) in an empirical risk form maxy,,, E,ar(0,1)[£(X1:4; 2)] With £(x1.4;z) dependent on
the acquisition’s type, e.g., maxjei.q {f;(X1:q;0) + L;(X1:4;0)z} in the simple regret case.
Such a connection enables tractable optimisation through the usage of numerous zero, first,
and second-order optimisers developed in the literature (van Rijn et al., 2016; Bottou et al.,
2018; Sun et al., 2019). Since such an implementation is fairly common in practice (Knudde
et al., 2017; Balandat et al., 2020) and not to burden the reader with unnecessary notation,
we defer the exact details of the optimisers used in our experiments to appendices B, C
and D. Here, we briefly mention that we surveyed three zero-order optimisers, eight first-
order algorithms and one well-known approximate second-order method.

2. Here 0, and I,x, denote a—dimensional vector of zeros and a by a identity matrix respectively
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Zeroth-Order Optimisers in ERM-BO: Zeroth-order methods optimise objectives
based on function value information and have emerged from many different fields. In the
online learning literature, for example, development of zeroth-order methods is mostly the-
oretical aiming at efficient and optimal regret guarantees (Hazan, 2016; Lattimore and
Szepesvéri, 2020; Gabillon et al., 2020) — a challenging topic in itself. Empirical successes
of such procedures have been achieved in isolated instances (Shalev-Shwartz and Singer,
2007; Viappiani and Boutilier, 2009; Contal et al., 2013; Chen et al., 2013; Bresler et al.,
2016; Ariu et al., 2020; Hallak et al., 2020). Mainstream implementation of zeroth-order
optimisers for BO, however, are of the evolutionary type updating generations of x through
a process of adaptation and mutation (Bentley, 1999).

In our experiments, we used three such strategies, varying from simple to advanced.
The most simple among the three was random search (RS) which acts as a low-memory,
low-compute baseline. The second, corresponds to a covariance matrix evolutionary strat-
egy (CMA-ES) that generates updates of the mean and covariance of a multivariate normal
based on average sample ranks gathered from function value information (Hansen and Oster-
meier, 1996; van Rijn et al., 2016). The third and final algorithm was differential evolution
(DE) which is widely considered a go-to in evolutionary optimisation (Price, 1996; Baioletti
et al., 2020), e.g., NSGA I and II (Deb et al., 2002) as implemented in (Blank and Deb,
2020). DE continuously updates a population of candidate solutions via component-wise
mutation performing selection according to a mutation probability pmutation- More details
are available in Appendix B.

First-Order Optimisers in ERM-BO: First-order optimisation techniques rely on gra-
dient information to compute updates of x. They are iterative in nature running for a total
of T iterations and executing a variant of the following rule at each step?:

oY <Va(X1:q,0!D¢)7 - V(x| Di), {B’(“l)}:co>
2 [ .20 )
Dz) 7{6k } ’6>

X1:q,t4+1 = 0tX1:q,t + Nt

2
¢§2) (va(xlzq,OIDi) Sy va(xlzq,t

(General update),

where J; is a weighting that depends on the type of algorithm used, 7 is a typically de-
caying learning rate, ¢£1)(~) and ¢§2)(-) are history-dependent mappings that vary between

algorithms with the ratio executed element-wise, {ﬁ,gl)}i and {B,(f)}; are history-
weighting parameters, and e a small positive constant useditoo avoid diViSiO;loby zero. Ad-
ditionally, Va(x1.,0|Di), - . ., Va(X1:4,|D;) represent sub-sampled gradient estimators that
are acquired using Monte-Carlo samples of z ~ N (0,I). It is also worth noting that differ-
entiating through the max operator that appears in all acquisitions can be performed either
using sub-gradients or by propagating through the max value of the corresponding vector.

To elaborate our generalised form, we realise that one can easily recover Adam’s (Kingma
and Ba, 2015) update equation by setting §; = -+ = dp = 1, B%l) = ... = B(Tl) = [,

3. For simplicity in the notation for acquisition functions a(x1.4,0|/D;) we drop the subscript with the type.

14



ComMPBO: COMPOSITIONAL BAYESIAN OPTIMISATION

{2) - .= 5§?) = f35, and ¢§1) and ¢§2) to:
1 1- 61 o
2 (va(xlzq,O‘Di)7 . ~,V04(X1:q,t\Di),51> 1 g Zﬁlfva(xlzq,tfk‘pi%
L k=0

t
2 o2 1- )
¢1(t2) (V(X(Xl:q,O|Di) soees V(X106 Di) 7,82,€> =\l7 _g? E BEV a(x1..t—k|Di)” + €.

2 k=0

Of course, Adam is yet another special case of Equation 9. For notational con-
venience, we defer the detailed derivations of other optimisers including SGA (Rob-
bins and Monro, 1951), RProp (Riedmiller and Braun, 1993), RMSprop (Hinton et al.,
2012), AdamW (Loshchilov and Hutter, 2019), AdamOS (an Adam adaptation with new
hyperparameters that we propose in this paper), AdaGrad (Duchi et al., 2011), and
AdaDelta (Zeiler, 2012) to Appendix C.

Second-Order Optimisers in ERM-BO: Along with gradient information, second-
order optimisers utilise Hessian (sometimes the Fisher matrix instead (Amari, 1997; Pascanu
and Bengio, 2014)) information for maximising objective functions. The general iterative
update equation for a second-order method is given by:

—1
Dz):| VOA(XL%t"DZ‘)

X1:q,t+1 = Xl:gt — Tt vQOé(Xlzq,t

(General update),

where V2a(x1.4¢|D;) is an approximation to the true Hessian VZa(x1.¢|D;) as evaluated
on the current iterate x1.4 ¢+, and Va(x1.q+|D;) denotes a gradient estimate that is acquired
through Monte Carlo samples as described above. It is worth emphasising the need for
the approximation V2a(x1.4¢|D;) to VQa(xl;q,t D;) due to the large size of the true Hessian
matrix (R%*94 in our case), as well as the necessity to compute an inverse at every iteration
of the update. Numerous approximation techniques with varying degrees of accuracy have
been proposed in the literature (Shanno, 1970; Mokhtari and Ribeiro, 2014, 2015; Byrd
et al., 2016). In this paper, however, we make use of L-BFGS (Zhu et al., 1997) due to
its widespread adoption in both GPs and BO (Rasmussen and Williams, 2006; Balandat
et al., 2020). Exact details and pseudocode for L-BFGS are comprehensively presented in
Appendix D.

3.2 FSM-BO & Connections to Compositional Optimisation

Rather than considering the problem of acquisition function maximisation as an instance
of empirical risk minimisation, we can follow an alternative route and focus on finite sum
approximations. To do so, imagine we acquire M independent and identically-distributed
samples from N(0,1), {z,,}M_,, upfront before the beginning of any acquisition function
optimisation step. Assuming fixed samples for now, we can write finite-sum forms of the
reparameterised acquisition functions (those from Section 3) using a simple Monte Carlo
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estimator as follows:

max {ReLU (p;(x1:¢; 0) + Lj(x1:4; 0)zm — f(x;)14) },  (10)

m=17€14
M
a2 GeralDi) = 57 D e (i (x1430) + Lilx1.:6)2 ). (1)
];1
aEESUI\éB(Xl ¢ Di) = Z max {,ul (x1:4;0) + \//T/2|L (X1:q5 zm\} (12)
M : ) +
aEZ_SPI\f) (x1:4|D;) = % max {Sig (ui(xlztp 0) + Li(X17:_qv 0)zm — f(x; )1q> } . (13)
m=1

As for the entropy search acquisition function given in Equation 8, due to its nested ex-
pectation form simply replacing both expectations with their corresponding MC estimates
leads to a biased estimate of aq-Es(X1:4|D;). Instead, we use a collection of independent
random vectors {z, })/_; sampled from N(04, I;x,) to construct a Monte Carlo estimate
for the outer expectation and write:

FSM
ot (x1.4| D7) =

Ms

T

[ (@g)(x&i,A“)(zm) 0) + L )(Xﬁ,@)w)” |
(14)

At this stage, we can execute any off-the-shelf optimiser to maximise the finite sum
version of the acquisitions, i.e., Equations 9 to 12. Contrary to ERM-BO which samples
new z vectors at each 1terat10n the FSM formulation fixes {z,,}»_; and mini-batches
from this fixed pool to compute necessary gradients and Hessian estimates for first and
second-order methods respectively. At first sight, one might believe that ERM and FSM
are the only plausible approximation forms of acquisition functions in BO. Upon further
investigation, however, we realise that finite sum myopic acquisitions adhere to yet another
configuration that is still to be (well-) explored in the literature. Not only does this new
form allow for novel solvers not yet attempted in acquisition function maximisation, but
also seems to significantly outperform both ERM-and FSM-BO in practice, cf. Section 4.

3.2.1 ComMmP-BO: A CoOMPOSITIONAL FORM FOR MYOPIC ACQUISITION FUNCTIONS

Recently, the optimisation community has displayed an increased interest in developing
specialised algorithms for compositional (or nested) objectives due to their prevalence in
subfields of machine learning, e.g., in model-agnostic-meta-learning (Tutunov et al., 2020),
semi-implicit variational inference (Yin and Zhou, 2018), dynamic programming and rein-
forcement learning (Wang et al., 2017b). In each of these examples, compositional solvers
have demonstrated efficiency advantages when compared to other algorithms which begs
the question as to whether these improvements can be ported to Bayesian optimisation.
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From a definition perspective, compositional problems involve maximising an objective
that consists of a non-linear nesting of expectations of random variables:

max By [, (B (g, (X1:0)])], (15)
where v and w are (not necessarily iid) random variables sampled from P,(:) and P,(-)
respectively (Wang and Liu, 2016), f,(-) a stochastic function, and g, (-) is a stochastic
map. Hence to benefit from such techniques, our first step consists of transforming the
finite-sum versions of the acquisition functions above into a composed (or nested) form that
abides by the structure in Equation 15. Interestingly, this can easily be achieved if we look

at the problem from a matrix-vector perspective. To illustrate, consider aES_SEI\f) (x1:4|Ds)

and define gquI) (x1.4) to be a ¢ x M matrix such that the w'* column is set to viED —

ReLU (p;(X1.4; ) 4+ Li(x1.¢; 0)ze, — f(x;)14) € R? with w uniformly distributed in [1 : M],
and set the other columns to 0g:

ED (x1.) = [0g, ..., vED . 0,].

Clearly, if we consider the expectation with respect to w ~ Uniform([1 : M]), we arrive at
the following matrix that sums all information across {z,, }M_,:

1, @ EI
Ew{ga(uEI)(Xliq)} = M[Vg )a"'vvgr?l)v""vgw )]’

with vﬁfl) = ReLU (ui(xl;q;e) + Li(x1:4;0) 2, — f(x*)lq) being a ¢-dimensional vector.

3
To attain the original form of aECF‘_SEI\f) (+), we further introduce a deterministic outer function

FED . RIXM 4 R as follows:
| M

Com FSM
it el Di) = D (B[l (er))) = 37 D max v = o 5.

Importantly, the above shows that a finite-sum expected improvement acquisition can be
written in a compositional (nested) form with aEqF_SEI\f) = f(E,[g,(x)]). In our derivations, we
have considered a deterministic outer function f(-) leading us to a special case of Equation 15
where P,(-) is Dirac. Such a consideration is mostly due to the fact that ¢ is typically in
the order of tens or hundreds in BO allowing for exact outer summations. In the case of
large batch sizes, our formulation can easily be generalised to a stochastic setting exactly

matching a compositional form as shown in Appendix A.

Following the same strategy above, we can now reformulate all other acquisition func-
tions as instances of compositional optimisation. Next, we list these results and refer the
reader to Appendix A for a detailed exposition. First, we choose w ~ Uniform([1 : M]) and
then consider the following inner matrix mappings:

EJPI)(XI:(]) = [Ofb s 7VL(/JPI)7 te 70(1] € RQXM’
g5 (x1) = [0g,..., v, ... 0] e RN
c(uUCB) (Xlzq) = [OQ7 e 7VwUCB)7 s 70‘1] € RQXM
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and for the entropy search acquisition w ~ N (0, L xy):

ES ES ES ES u
( )(xlzq) [ng), g’w),...,vsmuz] e RWM,

where the g—dimensional vectors vﬁf D VSR), and vS}f “B) are defined as (for m € [1: M]):

1
v = - [1i(X1:450) + Li(X1:45 0)2m — f(x;)1] ,
vgsp”) = p;(X1.4; 0) + Li(x1:4; 0) 2,
VSLJCB) i(X1:4:0) + /P7/2 |Li(X1.4; 0) 2| .

and u—dimensional vector VEEE,) is defined as (for m € [1: M] and w ~ N (04, Lixy)):

Vmw =

®) _ g1 (uﬁ%gz,m >e>+L£g><x§1;e>w>_

Now, properly selecting the outer functions f(FD(.), fGR) () and f(UCB)(.) gives us:

M
Com 1 FSM
ot (g i) = 10 Bulgl (ea)]) = 7 D max {Sig (vi7) | = alg By (i D).

m:lje
1 M
s (el D) = SO B[ (eag)]) = 77 D max (VTV} = (5 (1 D).
mj\jl
QT 1D = U (B[ Gxa)]) = 77 D ma (VTP } = alEN0, (v, D).
m=1

Finally, properly selecting the stochastic outer function f,EES)(~) with v ~ Uniform([1 : M])
gives us:

(Comp)

oS (s1,0|D;) = B, [£79 (Bo [5%) (1)) )] =

1 M
3 82 = oo

m=1

Clearly, the results above recover the formulations of the acquisition functions given
in Equations 11 - 13 while making them amenable to compositional solvers, a new class
of optimisers not yet well-studied in the Bayesian optimisation literature. We detail such
compositional optimisers next.

Zeroth-Order Compositional Solvers for BO: Of course, the compositional forms

presented above are still suitable for zeroth-order methods (Section 3.1). The distinguish-
ing factor from non-compositional forms is the evaluation process of nested objectives which
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requires careful consideration. In the case of a( GEI (x1 q¢|Di), for example, the inner expec-

tation E,[g, (E )(X)] in Equation 15 can be evaluated using a Monte Carlo approximation:

1
E[gEY (x1.4)] ~ e Z g((fj) (x1.4), with K < M being a mini-batch of {z, }2_,

w

Furthermore, the outer function 1is estimated by f(EI)(IEw[gEJEI)(xl:q)]) R~
FED (% Zg lg&}g)(xlzq)), where such an estimate asymptotically (K — o0) con-

verges to the true expectation due to the continuity of f(ED(.):

K
lim_ (;1{ > g&?(xha) = £ g (1)
m=1

K—oo

Clearly, this observation allows us to straightforwardly apply any of the three considered
zero-order methods (CMA-ES, DE, and RS) for determining updates of x1.4. Certainly,
(Co

such Monte Carlo approximations are not distinctive for a; Er? (x1.4|D;), allowing us to

follow the same scheme for aESP (x1:4|Ds), rg_osnép (x1:4|D;), and aiq%népB(xl 4| Di).

First-Order Compositional Solvers for BO: In contrast to zeroth-order composi-
tional methods, where the only difference between them and their non-compositional coun-
terparts is in the evaluation of the objective function, first-order compositional optimisers
require more sophisticated techniques due to the difficulty associated in acquiring unbiased
gradients of nested objectives. To elaborate, let us carry on with our running example and
consider the gradient of a( (g?p)(xl:qmi) = fEN(E, [g&EI) (x1:¢)]). Using the chain rule, we
can easily see that such a gradlent involves a product of the Jacobian of g (x1.4) with the
gradient of f (EI)(') that is to be evaluated around the inner mapping?:

Com
Vvec(xlzq)al(rq_%}l P) (Xlzq’Di) = ]E [vvec(xl q)g(EI)( )]Tva(EI) (C) ‘C:]Ew [g&EI)(Xl;q)] ;

where we use vec(x1.q) € R% to denote an unrolled vector across all dimensions d and batch

sizes ¢. When attempting to acquire an unbiased estimate of Vvec(xl:q)agcck%?p ) (x1:¢|Ds), we

realise that the first term can be approximated by simple Monte Carlo:

EI)

Ew[vvec(xl;q)gc(u Xl q Z vVec (X1:q) gwm) (Xlsq)a

with K7 < M being a batch size. The second part, however, is tougher to es-

timate as it involves a gradient of a non-linear nesting of an expected value, i.e.,

Ve fED(Q) | B g (xr)]” To resolve this problem, in the compositional optimisation lit-
—Lw|Bw :q

erature (Wang et al., 2017a; Tutunov et al., 2020), typically an auxiliary variable u is

4. Of course, a simple solution corresponds to a Nested Monte Carlo approach that approximates both inner
and outer mappings with samples from w and v and then executes standard off-the-shelf algorithms. In
our experiments, we make use of such a technique which we refer to as Adam-Nested (see Section 4) but
realise that dedicated first-order compositional solvers tend to outperform such a scheme.
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introduced and an exponentially-weighted average of ¢ is used, resulting in asymptotically-
vanishing biases. To acquire such behaviour, not only do we need to update xi., but we
also need to modify u and our estimation of . As such, most compositional solvers execute
three subroutines (main xi.q, auxiliary u and ¢) between iterations ¢ and ¢ + 1 — the first
to generate Xi.q¢+1, the second for u;y; and the third for ¢;,;. Rather than presenting
every subroutine for all utilised algorithms across all acquisition functions, here we keep
the exposition general and provide a set of unifying update rules, deferring exact details to
Appendix E. To that end, we introduce four history-dependent mappings qbgl)(-), ¢§2)(-),
qbgs)(-) and (/5154)(-). ¢§1)(~) and ¢§2)(-) act on sub-sampled gradient histories, and their
corresponding squares, for updating xi.q as follows:

Main variable update: (16)
(1) om N M*
. ¢t <{vvec(x1;q)a(c p) (Xl:q,k7 Ck’pz)}kzo ) {’yk }k:0>
X1:qt+1 = X1:qt T Tt oy & P )
¢1(52) <{vvec(x1;q)a(comp) (Xlzq,ka Ck|D1) }k:O ’ {7]&2) }k:O ’ 6)

where 7; is a learning rate, {7,(61)}2:0 and {7,(62)}2:0 are history-dependent weightings that

vary across algorithms. In Equation 16, we also use Vvec(xltq)a(comp) (X1:q,k> Cx|D;) to define
a compositional gradient estimate that can be written as:

.
Ve fOP(¢),  (17)

vvec(x1 )a(Comp) (Xl :q,k> Ck|D [ Z Vvec (X1:q) g(type)( :q7l~c)

(type)

with gg,”" 7 and f (type) denoting the inner and outer mapping of a compositional formulation
where type € {EL, PI, SR, UCB}. With x;.4:4+1 computed, the next step is to update u; and

¢; which can be achieved through ¢§3)(-) and ¢§4)(-) in the following manner:

3
U1 = ¢,§.~_)1 (Xlzq,07 <oy Xlig 41, {Bk}};:o) ; (18)

Cron = 42 (8OPI (). 80P (), (i Hmo: Cor o) (19)

where {8 },_, is a set of free parameters®, ug and ¢, are initialisations that in turn depend

on Xi.4,0. Furthermore, in Equation 19 we used g(t¥P¢)(-) to represent a Monte Carlo estimate
of the inner mapping, i.e.,

g(typc Z g(type)

where Ky < M is a batch size and type € {EI, PI,SR, UCB}. As an illustrative example,
we note that one can recover CAdam (Tutunov et al., 2020) by instantiating the above as

5. It is worth noting that in Appendix H we provide a complete set of all hyperparameters used across all
28 optimisers.
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follows:
(1) om e M’ ) _
¢)t <{vvec(x1;q)a(c p)(xlzq,kak’Dz)}ki 7{’)% }k0> =
t
Z(l [1] H vec (X1:q) (Comp) (Xlzq,ka Ck’pz)u
k=0 j=k+1
(2) p 2! 21" _
P <{VVBC(X1:q)a(CO P) (X1:q,8: Gl Ds) }kzo’{’yk }k—0,6> a
t t 9
2 2
Z [] H ’Yj[‘ ]vvec(xl;q)a(comp)(Xlzq,kvCk‘Di) + €,
k=0 j=k+1

3 _ _ _
¢§ ) (Xlzq,Oa - Xlig,ts {ﬁk}zzlo) = (1 - Bt_l)xlzqt 1+ Bt 11X1-q ts

'Y (g(twe)(ul),...,g(type)(ut),{5k}2_:10,Co,110) Zﬁk 1 H 1— B;)g®e) (uy,).

Of course, CAdam is just an instance of the generic update rules presented in Equations 16-
19. Other first-order compositional methods, such as NASA (Ghadimi et al., 2020), ASCGA
(Wang et al., 2017a), SCGA (Wang et al., 2017a) and Adam applied to a nested Monte
Carlo objective can all be derived from our general form as demonstrated in Appendix E.

Second-Order Compositional Solvers for BO: For a holistic comparison against
ERM-BO, we prefer to use the three same optimisation categories of zero-, first-, and
second-order methods in Comp-BO. Although significant progress towards first-order com-
positional optimisers has been achieved in the literature, second-order techniques tackling
the objective in Equation 15 are yet to be developed. In this paper, we take a first step
towards developing second-order compositional methods and propose an adaption of the
standard L-BFGS algorithm to handle nested compositional forms. To start, we note that
any second-order technique considers function curvature in its update through the usage of
Hessian information:

a(Comp) (Xlzq,t ‘ D; ):| Vvec(xhq) a(Comp) (Xlzq,t ‘ D; ) 5

— 2
X1:iq,t+1 = X1t + Tt vvec(xlzq)vec(xhq)

where Vvec(xl Jvec(x1. )a(comp) (x1:4,t|Ds) and Vvec(xl,q)a(COmP) (X1:4,¢|D;) are stochastic ap-
q q .

proximations of the Hessian and the gradient of o/(ComP) (x1:4,¢|D;) and n; is a learning rate.
A compositional structure however, imposes practical limitations for the applicability of
any arbitrary second-order method due to two essential difficulties. The first relates to the
computation of the Hessian, while the second relates to calculating its inverse. When evalu-

ating Vvec(xl vec(xig) & a(Comp) (x D), we encounter an expensive 3-tensor-vector product

~ O(d?*¢>M) with d, g and M denoting the dimensionality, batch size of input queries and
z respectively — of the following form:

vvec(x1 g)vec(xi; q)a(Comp) (X1:q|Di) =
J(Xlzq)Tv%Cf(Ew [gw(xltq)])J(Xlsq) + vvec(xl;q)J(Xliq) X1 va(Ew [gw(xliq)])v
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where J(x1.4) = E[Vvec(xltq)gw(xl;q)} is the Jacobian of the inner mapping E, g, (X1.)],
the 3-tensor Viye(x,,)J(X1;¢) is the Hessian of E,[g, (x1.¢)], and x; is a mode-1 prod-
uct between a 3-tensor and a vector. Apart from needing such expensive products —
a total of O(dg®M(d + M)) — the update rule introduced above further escalates the
computational burden by requiring an inverse that is generally cubic in the number of
dimensions, i.e., O(d3¢®) in our case. Hence, a feasible approximation for computing
[Vzec(xlzq)vec(xlzq)a(comp) (x1.4/D;)] 7! plays a crucial role in the success of any second-order
method for compositional objectives. As introduced earlier, BEGS-type methods amelio-
rate the expense of the calculations by utilising the recursive Sherman-Morison formulae
that we also follow here (Riedel, 1992). For such an application, we require two curva-
ture pairs s; and hy for recursively approximating the inverse of the Hessian. Namely if
St = Xl:qt — Xl:q,t—1 and hy = vvec( )a(Comp) (xlzq,tu)i) - Vvec( o(Comp) (xlzq,t—1|D7L)’
one can show that

X1:q xl:q)

hT h,sT T
ht S¢ ht St ht St

tth

provides a valid approximation to the t""* iteration Hessian inverse when initialising Ay = L.

-1
That is A; =~ | V2 (Comp) (xlzq,tﬂ)i)} and memory cost is reduced to O(T'dg),

vec(xqu)vec(xqu)a
with T' being total number of update iterations. Hence, a BFGS-type update can now be
written as:

X1:qt+1 = Xl:gt+1 + ntAt vvec(x1;(1)04(comp) (X1:q7t|Di) .

Gradient Monte-Carlo estimate

3.2.2 MEMORY-EFFICIENT IMPLEMENTATIONS FOR CoMP-BO

Although the ERM-BO and FSM-BO strategies discussed in Sections 3.1 and 3.2 share
commonalities such as the sampling of the reparametrisation variable z € R? and the use
of Monte Carlo estimates, one important difference between the approaches is memory
complexity - the total amount of space in storage (be that disk or cloud) needed for the
complete execution of an optimisation method. It is worthwhile mentioning that the key
difference between memory and time resources is that the former can be erased and reused
multiple times while the latter cannot, and this distinction plays an important role in the
analysis of applied optimisation algorithms.

For ERM-BO methods, the total amount of required memory is defined by the size of the
largest mini-batch sampled during the execution and the memory needed for the iterative
update. Since in all ERM-BO algorithms we use mini-batches of a constant size K = 128,
and at each iteration ¢t we store only the current iterative value xi.,; € R the overall
memory complexity is therefore bounded by O(Kq + dq).

Similarly to empirically-founded techniques, in FSM-BO methods we also store at each
step ¢ the current value of the iterate xi.q; € R?% and utilise a mini-batch of samplings
of size K <« M. However in contrast to the ERM-BO case, the upfront sampling of M
reparameterisation random variables z used in the FSM-BO scenario leads to an O(M q¢+dq)
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bound for the overall memory capacity. On one hand, large values of M are preferable as
they provide a better approximation to the true acquisition functions given in Equations 4
- 7, yet on the other hand, such values of M make finite-sum methods memory stringent.

To remedy this problem, we propose memory-efficient adaptations of compositional
methods: CAdam-ME, NASA-ME and Nested-MC-ME. In a nutshell, all these methods
exploit the observation that at any given iteration, stochastic compositional optimisers only
require uniform sub-sampling from the fixed collection of M reparametrisation variables z.
Hence instead of storing M samples upfront, one can draw K of them from A(0,I) at each
iteration resulting in an overall memory complexity given by O(Kq + dq). For a detailed
description of the memory-efficient methods CAdam-ME, NASA-ME and Nested-MC-ME,
we refer the reader to Appendix F.

4. Experiments & Results

Having presented a comprehensive set of optimisation techniques suitable for maximising
acquisition functions, we now wish to systematically evaluate their empirical performance.
Specifically, we design our experimental setup with the intention of answering the following
questions:

1. Do Finite-Sum Minimisation acquisition functions provide any benefits compared to
the more frequently-used Empirical Risk Minimisation versions?

2. Do compositional optimisers provide any advantages over non-compositional optimis-
ers?

3. What are the practical savings for using memory-efficient implementations of compo-
sitional acquisition functions?

4. Are compositional methods more computationally expensive than non-compositional
optimisation methods and how does runtime scale as a function of the input dimen-
sionality?

5. How do compositional optimisers perform when optimising real-world black-box func-
tions with noisy evaluations?

In order to answer Questions 1-4, we run twenty-eight optimiser variants on five synthetic,
noiseless BBO problems for which the true maxima are known. Knowing the true maxima
allows for exact computation of the normalised immediate regret

f (%) — f(xT)]
[f(Xo) = f(x*)]

(20)

ry =

where f(x*) is the function value at the global optimiser x*, X is the algorithm’s recom-
mendation at round ¢ and f(Xp) is the regret upon initialisation at round 0. The use of
analytic functions also facilitates the treatment of input dimensionality as an experiment
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variable. In order to answer question 5, we focus on the tasks from Bayesmark. These tasks
possess noise in the evaluations and are more representative of real-world BBO problems.
For these latter experiments we take forward the best-performing optimisers observed in the
synthetic function experiments. A pictorial summary of the experimental setup is provided
in Figure 4.

—
v El’ Synthetic Datasets & Accuracy Measures }\\/\\ Bayesmark Bayesian Optimisation Package
@ e
Levy Powell Ackley Dixon-Price Stybinski-Tang Boston-Housing ﬁ # | Diabetes Dataset
NN W - s
“rsssenssst’ AN < Pt
v -
#-dimensions varied: (16 D, 40 D, 60D, 80 D, 100 D, & 120 D) Parameter tuning tasks involving 6 machine learning models
Performance is measured by regret to the optimum Performance is by MSE, MAE, ACC, & NLL

Experimental Tuple

[N
Bt 4
Data Acquisition  Optimiser
#total exp: 3958 N
s V. Acquisition Function Forms & Settings Optimisation Algorithms Order & Types \ 4
- -4 /\ | N
Simple [ ility of Upper Confi Tt Zert?-(?rder Firs?-(?vder Secor}d?Ordev Com;{os'itional
Regret Improvement Improvement Bounds Sampling o o o o
rqsr(Di)  ongr1(Di)  avqri(|Di) arqucs(-|Di) arg1s(-[Ds)
Considered five widely used reparameterised acquisition functions Adapted second-order optimisers to compositional forms
Varied three acquisition forms between ERM, FSM, & Com Varied zeroth, first & second order optimisers

Figure 4: Experiment Overview: Top Left: Synthetic functions (noiseless). Top Right:
Bayesmark data (noisy). Bottom Left: Five classes of acquisition function in ERM,
Finite-Sum, and Compositional forms. Bottom Right: Four classes of optimiser. Each
experiment tuple comprises a data set, an acquisition function and an optimiser. The study
comprises 3958 experiments in total.

Surrogate Model: For all tasks, we use a GP with constant mean function set to the
empirical mean of the data, and a Matérn(5/2) kernel with lengthscale parameter 6. At
each acquisition step k, the hyperparameters of the GP kernel are estimated based on the
current observed input-output pairs Dj by optimising the negative log marginal likelihood
with a Gamma prior over 8. To facilitate the fitting procedure of the surrogate model,
we standardise the outputs and apply an affine transformation to the inputs so that the
search domain lies in [0,1]%. At the beginning of each experiment, three points are drawn
uniformly at random within the search domain to initialise the surrogate model.

Additionally, in order to provide some indication as to how the GP-based surrogate
model schemes, endowed with compositional optimisation of the acquisition function, per-
form against other surrogates, we also compare against the BOHB algorithm (Falkner et al.,
2018), a hybrid approach based on Bayesian optimisation and the Hyperband algorithm (Li
et al., 2017). BOHB has recently been demonstrated to outperform Bayesian optimisation
across a range of problems in the multi-fidelity setting, that is where multiple objective func-
tions exist possessing varying degrees of accuracy and cost associated with querying them
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(Song et al., 2019). In order to enable comparison in the single-fidelity contexts considered
in our experiments, we simply ignore the budget handling from Hyperband.

Acquisition Functions: = We consider the batched versions of each acquisition function
presented in Section 2.2, namely EI, PI, SR and UCB under ERM, FSM and compositional
forms. Additionally, we employ Thompson sampling (Thompson, 1933) as a baseline in
order to provide an indication as to how the compositionally-optimised acquisition functions
perform against another popular batch acquisition function.

Optimisers: Acquisition function maximisation is carried out using the zero-order op-
timisers RS, CMA-ES and DE from the PYMoO library (Blank and Deb, 2020), the non-
compositional first-order optimisers Adadelta, Adagrad, Adam, AdamW, RMSprop, Rprop
and SGA taken from PYTORCH (Paszke et al., 2019), the second-order optimiser L-BFGS-
B from the ScIPy library (Virtanen et al., 2020), as well as the compositional optimis-
ers ASCGA, CAdam, Nested-MC, NASA and SCGA that we implemented on top of the
BOTORCH library (Balandat et al., 2020). Except when using non-memory-efficient compo-
sitional methods, we used quasi-MC normal Sobol sequences (Owen, 2003) instead of i.i.d.
normal samples in order to obtain lower variance estimates of the value and gradient of
the acquisition function as recommended by (Balandat et al., 2020). For the L-BFGS-B
optimiser, the minibatch of samples was fixed in all cases. To ensure fairness in performance
comparison, the same number of optimisation steps T (set to 64) and minibatch size m (set
to 128), is used for each method at each acquisition step. As acquisition function maximisa-
tion is a non-convex problem, it is sensitive to the initialisation set. As such, we use multiple
restart points (Wang et al., 2020) that we first obtain by drawing 1024 batches uniformly at
random in the modified search space [0, 1]9%¢, and second using the default heuristic from
(Balandat et al., 2020) to select only 32 promising initialisation batches. Consequently, at
each inner optimisation step of BO, the Random Search optimisation strategy is granted
32 x T x m evaluations of the acquisition function at random batches. Similarly, CMA-ES
and DE are run for 64 evolution and mutation steps, and the aforementioned initialisation
strategy is used to generate the 32 members of the initial population.

It is known that first-order stochastic optimisers can be very sensitive to the choice of
hyperparameter settings (Balandat et al., 2020; Schmidt et al., 2020). Therefore, to limit
the effect of choice of hyperparameter settings for the different optimisers, we conducted
each experiment in two phases. An experiment in this instance is characterised by the
3-tuple consisting of a black-box function, an acquisition function and an optimiser.

In the first phase, we ran BO hyperparameter tuning to identify the best optimiser
hyperparameters, in the sense that these hyperparameters provide the lowest final regret
for the given task. This first phase allows us to compare optimisers in their most favourable
settings, and therefore we hope that under-performance cannot be the result of a poor choice
of hyperparameters but would reflect a real weakness of the considered method in tackling
BO’s inner optimisation problem.

In the second phase, we ran the black-box maximisation task using the acquisition
function and optimiser with hyperparameters fixed to be the best ones identified during
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Figure 5: Summary plot comparing the evolution of the normalised immediate regret aver-
aged over all tasks when using first-order methods with either the ERM or FSM formulation
of the acquisition function. The results of 960 experiments are summarised. We observe a
small advantage of the FSM formulation over the ERM formulation across every optimiser.
Statistical significance is discussed in Appendix G.2.

the first phase. The set and range of the considered hyperparameters are summarised in
Table 4 for non-compositional optimisers, and in Table 5 for compositional optimisers.

4.1 FSM vs. ERM

In the following experiment, we consider five non-separable, non-convex, synthetic black-box
functions chosen to have a variety of optimisation landscapes and that are commonly-used
benchmarks for optimisation algorithms (Jamil and Yang, 2013; Laguna and Marti, 2005).
We include the unimodal functions Dizon-Price and Powell as well as the multimodal Levy,
Ackley and Styblinski-Tang functions. We run experiments for (negative) versions of these
functions with search domain specified as in (Jamil and Yang, 2013; Laguna and Marti,
2005). We consider optimisation problems across dimensionalities in the set (16D, 40D,
60D, 80D, 100D and 120D) in order to observe the impact of the input space dimension on
the optimisers’ performance. At each acquisition step, a batch of ¢ = 16 points is acquired
as a result of batch acquisition function maximisation. We run each BO algorithm with
32 acquisition steps and observe the normalised immediate regret from Equation 20 as the
performance metric.

Results Summary Figure 5 aggregates by optimiser category, (zero-order non-
compositional, first-order compositional,...), the results of 960 experiments involving each
combination of optimisation task, acquisition function and optimiser. The best perfor-
mances obtained inside each category are accounted for. Specifically, given a category and
an acquisition step, the lowest normalised immediate regrets obtained at this step by an
optimiser belonging to this category are included and the average and standard deviation
obtained over all optimisation tasks and all acquisition functions, are reported.
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In light of these results we will now answer Question 1:

Question 1

Do Finite-Sum Minimisation acquisition functions provide any benefits compared to
the more frequently-used Empirical Risk Minimisation versions?

When looking at the top four first-order non-compositional optimisers, Figure 5 shows in
all cases that the FSM version outperforms the ERM version when averaging the normalised
immediate regret scores over all optimisation tasks and acquisition functions. This can be
seen in an un-aggregated breakdown in both Figure 18 and Figure 6. This is an interesting
discovery, and to the best of our knowledge, we are the first to observe this. We now proceed
to our second question.

4.2 Compositional vs. Non-Compositional Optimisation

To synthesise the results obtained over all combinations of synthetic function (Levy, Ackley,
Powell, Dixon-Price, Styblinski-Tang), input dimensionality (16D, 40D, 60D, 80D, 100D and
120D), and acquisition function (EI, PI, SR, UCB), we show in Figure 1 the evolution of
the normalised immediate regret for each category of optimiser. We confirm the observation
of (Wilson et al., 2018b) that gradient-based approaches outperform zero-order methods.
Evolutionary strategies perform comparably to Random Search (which we exclude from its
category as a global baseline). The poor performance of zero-order methods can be explained
by the dimensionality of the acquisition function domain, ranging from 16 x 16 to 16 x 120
and the strict limitation on the number of optimisation steps. Results obtained with BOHB
are also similar to Random Search, although it is worth mentioning that the experimental
setting is single-fidelity and not multi-fidelity where BOHB has been observed to perform
well. The performance of Thompson sampling (TS) coincides with the observation in the
literature that TS has difficulty scaling beyond 8-10 dimensions (Wilson et al., 2020). We
run GPflow (De G. Matthews et al., 2017) implementations of function-space, weight-space
and decoupled TS with the default hyperparameters from (Wilson et al., 2020). We report
these results in our summary plots and note that scaling such information-based acquisition
functions constitutes an important direction for future work, see Section 5.

On examining gradient-based methods, we observe that quasi-Newton (C)L-BFGS-B
is consistently outperformed by first-order methods, which was not observed in (Balandat
et al., 2020) where only a small-dimensional experiment with no batch acquisition (i.e.
g = 1) was presented. From this global summary, our results favour first-order optimis-
ers, with a relative advantage being given to compositional methods associated with the
FSM approximation. On the other hand, non-compositional optimisers do not seem to be
amenable to ERM or FSM formulation.

To show a breakdown of all experiments, we present in Figure 6 the best performances
yielded by each category of optimiser for each input dimensionality and acquisition function
considered. From this figure, we can first observe that the dimensionality of the BO prob-
lem does not seem to have a significant impact on the relative performances between the
different types of methods, that is, for any dimension, the best first-order gradient method
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Dim. 16 40 60 80 100 120 Tot.

g mW g ®m g ® g ® g ® g #B g &#

Order Optimiser Ref.
Non- 0 RS App.B.1 0 330 B510 600 640 680 .750 .59
Comp CMA-ES App.B2 0 300 490 760 8O0 8 0 .80 .67
DE App.B3 0 290 450 610 660 660 .700 .56
Subtot. 0 310 480 660 700 .720 .77 0 .61
1 SGA App.C1 0 180 280 330 420 30 480 .34
Adagrad App.C2 5 3 5 b555 665 755 87 10 89 6 .68
RMSprop App.C3 10 29 5 45 15 47 0 .58 0 .53 15 .64 8 .49
Adam App.C4 5 3515 46 5 .51 5 .53 20 .61 10 .70 10 .52
Adadelta App.C5 0 200 445 320 460 450 481 .39
Rprop App.C6 0 36 0 49 10 575 61 0 .59 10 .66 4 .55
AdamW App.C7 0 180 245 225 225 255 .233 .22
Adamos App.C8 0 170 260 260 285 305 .342 .27
Subtot. 20 .26 25 .40 45 .42 20 .48 35 .49 55 .55 33 .43
2 L-BFGS-B App. D 0 190 290 390 450 450 .51 0 .38
Subtot. 0 190 290 390 450 450 .51 0 .38
Tot. 20 .27 25 41 45 48 20 .53 35 .55 55 .60 33 .47
Comp 0 CMA-ES App.B2 0 300 490 760 80 80 8 0 .68
DE App.B3 0 300 460 610 640 670 710 .57
Subtot. 0 300 470 690 730 750 .790 .62
1 SCGA App.E1 10 120 .18 0 330 440 520 .622 .37
ASCGA App.E2 5 115 170 340 480 .530 .60 2 .37
CAdam App.E3 20 .09 25 .12 35 .19 25 .14 20 .14 10 .22 22 .15
NASA App.E4 45 .08 35 .21 15 .31 20 .39 10 .40 5 .55 22 .32
Nested-MC App.E5 0 17 10 225 235 265 290 .384 .26
CAdam-ME App.F1 - - - - - - 20 .14 15 .16 20 .24 18 .18
NASA-ME App.F2 - - - - - - 10 3510 40 5 .52 8 .43
Nested-MC-ME  App.F3 - - - - - - 0 285 295 .323 .29
Subtot. 80 .12 75 .18 55 .28 80 .31 65 .34 45 .43 67 .28
2 CL-BFGS-B Sec.32 0 200 280 340 30 440 500 .35
Subtot. 0 200 280 340 30 .440 .500 .35
Tot. 80 .17 75 .27 55 .39 80 .39 65 .43 45 .50 67 .36

Table 1: Marginal results over acquisition functions and synthetic black-box optimisation
tasks (i.e., 20 tasks per dimension). For each dimension, the first column, #Best (%),
indicates the percentage of tasks on which an optimiser yielded the lowest final regret, while
the second column reports normalised final regret (NFR). ERM and FSM versions of first-
order, non-compositional optimisers are grouped together. We mark the best percentage
across each dimension (dim.) in red. Clearly, in 16, 40, 60, 80 and 100 dims, compositional
solvers achieve the best performance in at least 55 % these tasks, with 80 % in 16 and 80
dims, while first-order non-compositional optimisers outperform others 55 % of the time in

120 dimensions.
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Figure 6: Detailed summary plot for synthetic black-box optimisation showing the best
relative improvement for each category of optimiser. Each row corresponds to a domain
dimension (16D, 40D, 60D, 80D, 100D and 120D) and each column is associated with an
acquisition function (EI, PI, SR and UCB). Relative improvements yielded by BOHB and
TS are also reported (there is no variation across columns as they do not depend on the
acquisition function), leading the number of experiments aggregated on this figure to be
3100. On each row, the graph corresponding to the acquisition function that achieved the
lowest regret for the given input dimension has a thick grey border. In 40, 60, 80 and 120
dimensions, the best performance is achieved using UCB with a first-order optimiser, while
in 16 and 100 dims, it is SR with a first-order compositional optimiser that led to the largest
relative improvement.
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Figure 7: Evolution of immediate log-regret using various acquisition functions and opti-
misers on 100D synthetic black-box minimisation tasks. Each row is associated with an
acquisition function, and each column corresponds to a black-box function. A total of 545
experiments have been carried out on 100 tasks to run BO with all combinations of op-
timisers, acquisition functions and black-box optimisation functions. We observe that the
lowest regret is always achieved with a first-order optimiser, and notably 25% of the best
performances are obtained when using CAdam.

outperforms the second-order methods, which achieve lower regret than zero-order ones.
Aside from this trend at the level of the optimiser order, we do not notice any lower-level
trend that may be driven by the input dimensionality.

An example of the most fine-grained level of analysis (all optimiser performances pre-
sented individually) is given in Figure 7. For each task-acquisition pair, we show the log
regret over acquisition steps for each optimisation method introduced. We can see that in
65% of the experiments that a compositional optimiser outperforms all non-compositional
optimisers. As shown in Table 1, the superior performance of compositional optimisers is
observed across all task input dimensionalities except for 120D for which the best optimiser
is compositional in only 45% of cases.

Moreover, Figure 6 provides some insight into the comparatively better performance
of first-order compositional optimisers observed in the global summary Figure 1. Lower
regrets are obtained when the PI acquisition function is used. Nevertheless, the shading of
the graphs corresponding to the best acquisition function for each dimensionality indicates

30



CoMPBO: COMPOSITIONAL BAYESIAN OPTIMISATION
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Figure 8: (8a) Summary plot comparing the evolution of the normalised immediate regret
averaged over all considered acquisition functions, and optimisation tasks in 80, 100 and
120 dimensions, when using standard (Sd) and memory-efficient (ME) compositional first-
order optimisers. From this figure, aggregating the results of 360 experiments, we can see
that memory-efficient optimiser versions perform comparably to standard optimisers, thus
making it worthwhile to use memory-efficient implementations due to the large memory
savings. (8b) Execution time of UCB maximisation run on 4 CPUs. We report the time
it takes an optimiser to carry out a single UCB maximisation, and we show the mean
and standard deviation observed over 5 seeds, 32 acquisition steps and 2 synthetic black-
box functions in 16, 40, 80 and 120 dims. From this figure, aggregating results of 152
experiments, we observe that compositional methods take about 1.5-2x the CPU time taken
by non-compositional methods. We do not report the execution times measured for (C)L-
BFGS-B and CMA-ES as they are an order of magnitude greater than those observed for
non-compositional, first-order methods. We provide complementary results in Figure 19 in
Appendix G.

that PI yields consistently higher regrets than UCB or SR, which encourages the use of these
alternative acquisition functions in place of PI with a first-order compositional optimiser.

Returning to our second question:

Question 2

Do compositional optimisers provide any advantages over non-compositional optimis-
ers?

The global summary Figure 1 in addition to Figure 6 indicate that there are a significant
number of optimisation task and acquisition function pairs where a compositional optimiser
is preferable and as such, compositional schemes warrant much more attention than they
are currently receiving in the Bayesian optimisation community. We will now proceed to
answer our third question.

4.3 Memory Efficiency

Compositional acquisition function maximisation requires considerably larger memory rel-
ative to ERM. However, by introducing a simple trick whereby we do not store all the
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auxiliary variables and adopt an alternative sampling scheme, we can dramatically reduce
the memory requirements to be equivalent to those of ERM. In answer to question 3:

Question 3

What are the practical savings for using memory-efficient implementations of com-
positional acquisition functions?

Figure 8a, which aggregates results obtained on tasks in 80, 100 and 120 dimensions
using both memory-efficient and standard versions of CAdam, NASA and Nested-MC to
maximise the acquisition function, shows that CAdam is negatively impacted by the ME
implementation, whereas NASA and Nested-MC are positively impacted by memory effi-
ciency. In all cases, the impact on going from standard to memory-efficient implementations
is minor enough that we believe it warrants the use of the ME implementation as the de
facto standard. We now proceed to answer Question 4:

4.4 Runtime Efficiency

Runtime efficiency is of great importance for many applications. As such, we wish to see
how the execution time required for a single acquisition function optimisation varies across
compositional optimisers and input dimensionality. We fix the acquisition function to UCB
as this choice has negligible effect on overall timings and we run the BO algorithm for
32 acquisition steps on two black-box maximisation tasks using all available optimisers,
repeating each experiment five times. In answer to Question 4:

Question 4

Are compositional methods more computationally expensive than non-compositional
optimisation methods and how does runtime scale as a function of the input dimen-
sionality?

There is a marked difference between the execution times reported in Figure 8b for
compositional and non-compositional methods with compositional methods being slower
relative to non-compositional. Additionally, ME methods are faster than standard com-
positional methods. We can also see that as the input dimensionality increases, a steeper
incline in the execution time for compositional methods relative to non-compositional meth-
ods may be observed; a feature to be expected given the extra backward passes required by
compositional optimisers. Due to these additional backward passes, compositional methods
are 1.5-2 times slower per iteration in terms of wall-clock time. This being said, it should
be noted that compositional optimisers may require fewer iterations in total to converge to
a specified accuracy and in this case overall wall-clock time could be comparatively better
for them. Finally, if the black-box system evaluation wall-clock time is factors larger than
the optimisation wall-clock time, which is the case in many real-world problems such as
molecule synthesis where a single query can take 2-3 weeks (Thawani et al., 2020), then
the differences in runtime between compositional and non-compositional schemes becomes
negligible. We now proceed to answer our final question.
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4.5 Real-World Problems: Noisy Evaluations

We now examine the performance of optimisers on Bayesmark tasks. All tasks involve
hyperparameter tuning for machine learning models. In contrast to the synthetic functions,
the Bayesmark data sets possess noise in the evaluations of the black-box function, a feature
inherent in the vast majority of real-world BBO problems. As such, these experiments are
designed to assess whether the observations derived from the synthetic experiments are
relevant for noisy problems.

Hyperparameter Tuning Tasks: The Bayesmark tasks consist of both regression and
classification tasks on the Boston and Diabetes UCI data sets (Dua and Graff, 2017) re-
spectively. In terms of hyperparameter tuning the following six models are considered:
Decision Tree (DT), Random Forest (RF), K-Nearest Neighbours (kNN), Support Vector
Machine (SVM), Linear and Lasso models. the dimensionality of each task varies from 2
to 9. In contrast to the synthetic functions, we only have access to noisy evaluation of the
black-box functions in this instance. We apply Bayesian optimisation using 16 iterations of
8-batch acquisition steps, to optimise the validation loss, mean-squared error (MSE), mean
absolute error (MAE), negative log likelihood (NLL) or accuracy depending on the task,
plotting the normalised validation loss score (Eq 21) for performance comparison. We ran
all six models on regression tasks (both MAE and MSE objectives) and we run three models
(DT, RF and SVM) on classification tasks (both NLL and accuracy objectives) due to a
limited computation budget. The score achieved after t acquisition steps is given by:

Ly — L*

- 21
E;and — [ ( )

score; =

where L£; is the best-achieved loss at batch ¢. L£* is the estimated optimal loss for the task
and £ is the mean loss (across multiple runs) acquired from random search at batch t.

Optimisers: The top three non-compositional optimisers (Adam, RMSprop, Rprop) were
selected for performance comparison against compositional optimisers (NASA, CAdam,
Nested-MC).

Acquisition Functions: We show results for the four top-performing acquisition func-
tions (SR, EI, PI and UCB) from the synthetic function experiments.

Surrogate Model: We use the same GP surrogate model as in Sec 4.1, with rounding
of integer values when either integer or categorical variables are present. Although more
sophisticated methods exist to deal with categorical/integer variables (Ru et al., 2019;
Daxberger et al., 2020; Garrido-Merchéan and Herndndez-Lobato, 2020) we do not consider
them here as we are interested in solely in performance on acquisition function maximisation.
We sample 2 x D points uniformly at random to initialise the model. We run the same form
of hyperparameter tuning for the initialisation as in the synthetic experiments, repeating
each experiment 5 times in order to compute the variance for individual tasks.

Results Summary: In answer to our final question:
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Figure 9: The boxplot shows the quartiles of compositional and non-compositional optimiser
performance on the regression hyperparameter tuning task, where the performance metrics
are MAE and MSE. For each model, we show a further split of the optimiser class for
different aggregation methods. This plot summarises all 672 experiments conducted on
regression tasks on the Bayesmark data set. We observe performance benefits for DT,
RF and AdaBoost when using a compositional optimiser, with SVM and kNN showing
performance benefits when using a non-compositional optimiser. When to use compositional
and when to use non-compositional?

Question 5

How do compositional optimisers perform when optimising real-world black-box func-
tions with noisy evaluations?

Figure 2 shows a high-level breakdown of compositional and non-compositional optimiser
performance on the Bayesmark regression tasks. The best final scores for the model under-
going tuning are pooled across optimisers, tasks, loss functions and acquisition functions.
We observe that compositional and non-compositional optimisers perform comparably, with
compositional methods performing slightly better for DT, RF and SVM. We see that the
mean scores are roughly equivalent for optimiser classes across the kNN, Lasso, linear and
AdaBoost models. In an analogous fashion, Figure 3 pools the scores for all classification ex-
periments. For the DT, and RF models, compositional methods achieve higher mean scores
wheraeas comparable performance is observed when tuning the SVM model. In conclusion,
compositional vs. non-compositional optimiser performance appears to vary depending on
both the model class undergoing tuning as well as the performance metric.

Detailed Results: Figure 9 depicts a finer-grained breakdown of the pooled results for
the Bayesmark regression tasks. Pooling in this case is carried out using the best, me-
dian and average optimiser performances across all intra-class optimisers and acquisition
functions, where for example the best compositional optimiser for a given model would be
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the top-scoring optimiser-acquisition pair. For DT and RF, the best results are produced
from compositional optimisers, whereas for SVM, AdaBoost, kNN and the linear model,
non-compositional methods exhibit better performance. For compositional optimisation of
the Lasso model we observe better median performance for a higher number of black-box
function evaluations, but deteriorating performance under the best grouping.
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Figure 10: The boxplot shows the quartiles of compositional and non-compositional opti-
miser performance on the classification hyperparameter tuning task, where the performance
metrics are NLL and accuracy. For each model, we show a further split of the optimiser
class against different aggregation methods. This plot summarises all 288 experiments
conducted on classification tasks for the Bayesmark data sets. We observe that for the
DT and RF models, compositional optimisers offer modest performance gains relative to
non-compositional optimisers, yet non-compositional optimisers perform better on SVM
hyperparameter tuning.

Figure 10 similarly shows a finer-grained breakdown of the Bayesmark classification
tasks. We observe that for certain models, such as RF, compositional methods perform
better in each of best, median and average groupings at all steps in the optimisation,
namely 8, 16 and 128 evaluations of the black-box system. In the DT experiments we
again observe that compositional optimisers perform better in the latter optimisation steps
(16 & 128 evaluations), but worse in the initial stages of the optimisation (8 evaluations).
In summary, compositional methods yield better performance in two-thirds of the cases
considered in Figure 10.
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5. Conclusions & Future Directions

In this paper, we presented an in-depth study of acquisition function maximisation in
Bayesian optimisation. Apart from conventional forms typically used in literature, we
demonstrated that acquisition functions adhere to a compositional structure enabling nu-
merous new algorithms that led to favourable empirical results. We verified our claims in
a rigorous experimental study involving 3958 tasks and twenty-eight optimisers. We used
both synthetic and real-world data gathered from Bayesmark. We demonstrated that com-
positional optimisers outperform traditional solvers in 67 % of the time. In the future,
we plan to extend our analysis to cover non-myopic acquisition functions, constrained and
safe BO, high-dimensional BO (Grosnit et al., 2021) as well as to investigate compositional
structures of causal BO.

36



ComMPBO: COMPOSITIONAL BAYESIAN OPTIMISATION

Appendix A. Compositional Construction of Acquisition Functions

Given a collection of M i.i.d samples {z,,}}_, and following finite sum approximations
for the acquisition functions given in Equations 10 - 13, we now provide detailed composi-
tional reformulations for them (see Section 3.2.1). Let w be a random variable distributed
uniformly on a collection {1,..., M}, i.e. w ~ Uniform([1: M]):

A.1 Expected Improvement

Consider an inner stochastic mapping gE}EI) : R — RI*M | gych that:
gB(x1.,) = [0g,...,vED .. 0,

where viE) = ReLU (pi(x1:4; 0) + Li(X1:4; 0)Zm — f(x;)14) € R for m = 1 : M. Hence,
taking the expectation with respect to w gives

1
Eulgl™ (xug)] = 37007, vy

Now let us consider an outer deterministic mapping fED : R™*M — R, such that for a
given ¢ X M input matrix:

ailr G122 ... Q1M
asi @y ... @
f(EI) _21 _22 . 2_M = Z max{Qipm, ..., agm}-
Qg1 Qg2 ... QgM
Therefore,
M
FED (E, [g(EI) (X1:q) Z max {ReLU i (X1:450) + L (X1:45 0) 20, — f(x;")lq)} = aEqF_SEl\{[).

JG q
m:

A.2 Probability of Improvement
; ; : : (PD) | mdg gxM .
Consider an inner stochastic mapping g, : R — R , such that:
PI PI
g (x1,4) = [0g,...,vED ... 0,].

where vt = L [pi(x1:q50) + Li(X1:4; 0)2z0n, — f(x;)14] € R? for m =1 : M. Hence, taking
the expectation with respect to w gives

Ew[gc(upl) (Xlzq)] = 7[V1 s Vs

Now let us consider an outer deterministic mapping fPD . ReXM _y R such that for a
given ¢ X M input matrix:

ail a2 . 1M
M

asr a2 ... QoM

PI
A I I §j max {Sig(M|aim, - .., agm])}
: : : : J€1 q

m:

Agl Qg2 ... QgM
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Therefore,

{Slg (Mz‘(xl:qQ 0) + Li(Xlzq§ 0)z,, — f(X;r)lq> } _ a(FSM)
Jelq

T

M:

f(PI) (Ew [g(PI)

qu

m:

A.3 Simple Regret

Consider an inner stochastic mapping go(JPI) : R — RI*M  gych that:

gL(USR)(Xllq) =[0g, ... 7V(SR)7 -5 0]

where ng) = p;(X1:4;0)+L;i(x1.4;0)z,, € R? for m =1 : M. Hence, taking the expectation
with respect to w gives

1 (sr SR
E, [gL(USR)(Xqu):I = M[Vg )7 s 7V§\/1 )]

Now let us consider an outer deterministic mapping f (SR) . RexM _y R such that for a
given ¢ X M input matrix:

aip a2 ... a1pm
a1 a2 ... Qa2p

f(SR) . . . . == E max{a1m7-~-7aqm}-
Qg1 Qg2 ... QgM

Therefore,

(FSM)

f(SR) (Ew [g(SR) X {p’z X1:q; 0) + L (Xlzq; O)Zm} = arq_SR .

M:

m:

A.4 Upper Confidence Bound

Consider an inner stochastic mapping go(JUCB) R% — R?*M such that:
UCB UCB

g‘(u )(xlzq) = [Oq,...,vfd ),...,Oq].
where vg@JCB) = p;(X1:4:0) + \/P7/2 |L;j(X1:4; 0) 2| € RY for m =1 : M. Hence, taking the
expectation with respect to w gives

1
UCB UCB UCB
Eufgl ™ (i)l = 37177 vl )

Now let us consider an outer deterministic mapping fUCB) . RaxM _ R such that for a
given ¢ X M input matrix:

ailr a2 ... ai1pm
asr a2 ... QoM

f(UCB) . . ) ) = E max {aim, ..., 0qm} -
Qg1 Qg2 --- QgM
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Therefore,

M

1 SM

7O (B[P era))) = 37 D mae {1 ¢1.0:0) + V/IRILi (015 Ot | = T
m=1

A.5 Entropy Search

Consider an inner stochastic mapping gEJES) : R¥ — R¥*M gych that:
ES ES) _ (ES ES
g™ (xug) = IS Vi Vi)
(8) (4 (8) .4 (9) (8) (4 ().
where vg;:i,) = SM [ HeCite Em) VL (G000 ) gy 1,...,M and w ~

T

N (04, L,xy). Hence, taking expectation with respect to w ~ N(0y, Lxq) gives:
E, [gc(uES) (Xltq)} = [Ew [ngEj)} s B [ngEj)} seeo Bo [VS\?,S(EH

Now let us consider an outer stochastic mapping f,SES) : RuxM

u X M input matrix:

— R such that for any given

a1 a2 ... QaQ1pM a1y
u
a1 G2 ... Qa2pm a2y
ES
lg ) . . . . =-H . = E A5y logajl/-
J=1
Ayl Ayu2 eeo QuM Aoy

where H[-] is a Shannon entropy function. Taking expectation with respect to v ~
Uniform([1 : M]) gives:

B, [£5 (B [85 (x10)])] =

M i
1 S H B, M (uﬁg) (x5 AG (2m), ) + L (x%): 9)w>” _(FSM)
M

=«
‘ T rq-ES
m=

Appendix B. Zero-Order Optimisation Algorithms for ERM-BO

B.1 Random Search

The most simple zeroth-order strategy we attempted in our experiments was random search
(RS), where a new batch of query points is constructed by sampling ¢ candidates xi.q
uniformly at random from a bounded search domain. Though simple, RS has been shown to
be an effective optimisation scheme in certain settings (Bergstra and Bengio, 2012; Li et al.,
2017) and can serve as an essential low-memory, low-compute baseline for any acquisition
optimiser.
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B.2 CMA-ES

In the covariance matrix adaptation evolution strategy (CMA-ES) (van Rijn et al., 2016;
Blank and Deb, 2020), a population of new search points is generated by sampling a mul-

tivariate normal distribution, which for generations ¢ = 0,1,..., can be written as:
+1 .
vec (X)l(g )~ “glz/IA-ES + Ugl\)AA-ESN (0, E(Cglz/IA-ES) for I € [1: #off-springs], (22)

where H(cg& ALES> og\)/[ Aps and Eéglz/l Aps are the distribution’s hyperparameters that will be

updated based on function value information. Also, #off-springs > 2 represents the number
of individuals sampled from a population, e.g., the number of optimiser restarts in our case.
Moreover, the usage of the vec(x) € R notation denotes a vector of inputs across all
batches and dimensions.

Starting from an initialisation p(cog/[ AES ag)l\)/[ Aps and 28)124 apsy CMA-ES updates each

of the hyperparameters based on fitness or function values to improve the guess of x*. At

some generation g+ 1, the algorithm first samples Vec(x)gg H), . ,Vec(a:);f:ﬁcl_ )Sprin o according

to Equation 22 and then ranks individual samples in a descending order based on their acqui-

sition evaluation such that® aq type(vec(x) ggfl)ﬂ)i) < < arq_type(vec(x);i;}g_ )springs*‘Di)7
where vec(x)ggﬂ) is the 7™ best sample vector (according to its acquisition value) from

vec(x)ggH), e ,Vec(x)gi:ﬁ}_)springs. With samples ordered, the algorithm updates ”(Cg;A—B-ES

as an average of k < #off-springs selected points:

K
(g+1)  _  (9) A (g+1) (9)
BOMAES = POMA-ES T Miona ps Z w; <VeCz‘* - “CMA-ES) 5 (23)
i=1

with 1., e < 1 being a learning rate, and w; < k£ —i+1. In words, Equation 23 attempts
to shift the distribution’s mean closer to a weighted average of the best samples seen so
far, which, in turn, can be reinterpreted as maximising a log-data-likelihood conditioned on

u(cgleA_ES as noted in (Hansen, 2016).
When it comes to a(cgl\)/l Apss @ process of cumulative step-size adaptation (CSA) — also

referred to as path length control — is applied to derive U(Cgﬁi)_ES. First, CSA computes an

(isotropic) “evolutionary path” path, using:

(@)L M(QH) _ M(g)
path, = (1 — ¢o)path, + /1 — (1 — ¢o)2VRw B ks CMA'ESJ) CMA-ES (24)
OCMA-ES

where ¢, is a constant typically set to d/3, and k,, is a variance-related constant abiding

by 1 < Ky < k. Given Equation 24, CSA now updates O'gﬁi)_ES by executing”:

(G+D)  _ _(9) c |[path,|| : . :
chMA-ES = g(;f]M ALES €XD (di <m —1) ), with d, being a damping value.

6. Please note that we use tiq-type(-) to denote one of the reparameterised acquisitions (i.e., EI, PI, UCB,
and SR).

7. It is worth noting that the update of JégJQES requires the computation of E[[|[N(0,1)]|]. Such an
expectation can be approximated using a Gamma distribution as shown in (van Rijn et al., 2016)
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Similarly, 2%713/[ Ags 1s adapted by following a two-step process, where an (anisotropic) evo-

lutionary path, pathys, ., is used to in Egﬁ}iEs as follows:

pathECMA_ES =(1- CECMA—ES)pa‘thECMA_ES + ]1[07n\/g](||Patha|D\/1 - (1- CECMAfES)QV Ry

(g+1) (9)
Homa-ES — HCOMA-ES

(9)
OCMA-ES

(g+1) (9 T
2CMA-ES = 'YECMA-ES + ClpathECMA_Es pathECMA_ES’

1 1 T
(VGCE?F ) — NE}%AES) (Vecz(ng ) — Ngg/{AES)

(9) (9)
OCMA-ES OCMA-ES

K
+ NScma-es Z w;
i=1

where 7y is a discount factor, ¢y ps, €1, a0d sy 4w are tuneable hyperparameters.
Finally, we used ]1[0 . \/E]<') to denote the indicator function with 7 typically set to = 1.5.

B.3 DE

In differential evolution (DE) (Blank and Deb, 2020), a new set of input probes is generated

from a previous population via component-wise mutation. The initial population D(© =

{vec(x)\, ... vee(x)§) iion ) ¢

R, Each vector vec(x)(.gﬂ) in the next population DY undergoes a component-wise

J
random mutation process consisting of three sequential steps. First, for each VeC(X)S-g) S

DY, DE randomly picks a collection of three different candidates a, b, c € R% that belong
to the current population D). These candidates will play the role of building blocks for a
component-wise mutation process generating a candidate C € R% for the next population.

} is given as a collection of K vectors, where each vec(x)

In the second step, DE randomly picks a component [ € [1,...,dq| of vec(x)gg ) which will be
deterministically mutated with others undergoing a mutation with some fixed probability

Pmutation-

al; + F([b]; —[c|i), W. D. Pmutation
[C]l - [a]l + F([b]l N [C]j)’ and [C]Z - { [[V]GC(X)((g[)]] [ ] ) W. i f* Pmutation

i

where F € [0, 2] is a scaling mutation parameter, and [v]; is used to denote the i*" component
of vector v. In the last step the algorithm makes a choice on whether to add C to the
new population based on the acquisition function value information. In case the mutated

(9)
j b
DD otherwise vec(x)gg) is preserved. After the algorithm terminates, DE reports the

vector achieves a better solution than vec(x):”’, then C is added to a the new population

best solution out of all constructed populations UQZOD(Q).

Appendix C. First-Order Optimisers for ERM-BO

First-order optimisation techniques rely on gradient information to compute updates of x.
They are iterative in nature, running for a total of T iterations and executing a variant of
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the following rule at each step:

(f)gl) Va(xl;qV()"Di),. V (

o ("))

9 2
¢£2) <V06(X1:q,0’Di) sy V(X1 Dy) ,{ (2)}k » 6)

X1+l = OpXi:q e+ (Generalised update),

(25)
where 0; is a weighting that depends on the class of algorithm used, 7 is a (typically) de-
caying learning rate, ¢§1)(-) and qb?) (+) are history-dependent mappings that differ between

t
algorithms with the ratio between them computed element-wise. { Bk } S and { ’iQ)}k .
are history weighting parameters, and € is a small positive constant used to avoid division

by zero. Additionally, Va(x1.q,0|Di), ..., Va(xi.qt|D;) represent sub-sampled gradient es-
timators that are acquired using Monte Carlo samples of z ~ N(0,I). It is also worth
noting that differentiating through the max operator that appears in all acquisitions can
be performed either using sub-gradients or by propagating through the max value of the
corresponding vector.

C.1 SGA

Stochastic gradient ascent (SGA) is a cornerstone of the optimisation algorithm litera-
ture (Robbins and Monro, 1951), simply using gradients to ascend the objective function.
Though it requires a large number of iterations to converge, recent studies demonstrate
that stochastic gradients (Wilson et al., 2018a) exhibit better generalisation capabilities
when compared to other methods in machine learning applications. We can attain SGA’s

update from Equation 25 by setting constant weightings §; =--- =dp =1, { 5k1)} =0,

k=0
t
{59}16:0 = (), and defining ¢§1 () and ¢(2)( ) as

¢§1) (VOé(Xlzq,o|Di), cel Va(xl;q,t|Di)> = Va(x1.0.4|Di),

9 0,
¢§2) (VOé(Xlzq,O‘Di) yoesoy VOC(XI:q7t|DZ‘) ) = 1dq-

C.2 AdaGrad

In adaptive gradients (AdaGrad), SGA is modified so as to exhibit per-parameter learning
rates (Duchi et al., 2011). Intuitively, AdaGrad increases learning rates for sparse parame-
ters and decreases them for denser ones. Such a strategy has been shown to be successful
in settings where the data is sparse, and where sparse parameters convey more informa-
tion (e.g., natural language processing (Pennington et al., 2014) and image recognition
tasks (Song et al., 2020)). AdaGrad’s update can also be extracted from Equation 25 by
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choosing §; =--- =7 =1, { I(CI)};:O =0, { 122)};: = (), and:

¢§1) (Va(xl;q’omi), R Va(x1;q7t|Di)> = Va(x1.44| D),

t
2 2 Trlw D
e (Va(x1:q,0|Di) sy V(X1 Dy) 76) = § Va(xiqk|Di) + €.

C.3 RMSprop

In root mean-square propagation (RMSprop), learning rates are also adapted to each of
the parameters. Here, the idea is to divide the learning rate for a parameter by a running
average of the magnitudes of recent gradients for that specific parameter (Tieleman and
Hinton, 2012). RMSprop has enjoyed considerable success in machine learning (Khosla

et al., 2020; Wu et al., 2020). To arrive at its update rule, we set §; = --- = dp = 1,
t

{ﬂl(“l)}k 0 0, B?) = = 512) = v with v denoting a forgetting factor. Furthermore,

a constant learning rate 7 is typically adopted in RMSprop, ie., g1 = --- = np = 7, and

¢§1)(‘) and ¢§2)(-) defined as:

o1 (VatxigoDi). ... ValryulDy) = ValxiglDi),

t
2 2 2
722) (va(xlzq,o‘pi) P va(xlzq,t|Di> »Ys 6) = (1 - ’Y) § ﬁykva(xlsq,k’Di) +e.
k=0

C.4 Adam

Adam (Kingma and Ba, 2015) is one of the most successful and widely-used algorithms

in machine learning applications. The method computes individual adaptive learning rates

for different parameters from estimates of the first and second moments of the gradients.

In terms of Equation 25, we can derive Adam’s update as a special case using the following

settings: 1) constant weightings 6; = --- = dp = 1, Bil) =... = B(Tl) = f, {2) =... =
(2) = B,, and 2) ¢ and ¢(* defined as:

t
1—
1S (VO((Xl:q,0|Di), . .,Voz(xl;q,t|Di)751) =1 gi > BIVa(xig i kD),
1 k=0
@ (o2 o2 1— By = s 2
67 (ValxrqolDi)'s - .. ValglDi) s Ba€) = | 1= G 2 BEVatag kD) +e

2 k=0

C.5 AdaDelta

The AdaDelta algorithm can be viewed as a robust extension of the AdaGrad method
(Zeiler, 2012). AdaDelta adapts learning rates based on a moving window of gradient up-
dates. This window-based modification is implemented in an efficient manner by recursively
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defining the sum of the gradients as a decaying average of all past squared gradients. Fol-
lowing the general update rule introduced in Equation 25, AdaDelta can be formulated by
Settlng(Sl::6T:1,,6£1]:E,/Bgl]:n,/ﬁz[))l]:: g_l;]: ][-2]:: ’521277
m = =nr=n,and

¢, (Voz(xm,omi)a c Va(xige|Pi), v, m, 6) -

t—1

2
k :
_— Vi Va(x1q,t-k-1|Di)
Va(xi1.4t|D;) E PEPEE ! : 2 . n
k=0 2j—0 VW VaXigik-1-51Di) + 755

¢
S | - 9 2
¢§2) (Va(X1;q,0|Di) oo, Va(x1.0.4|Di) ,7,e> =@ —’)/)Z’kaa(xlzq,t—k|pi) +e.
k=0

C.6 RProp

To overcome the inherent disadvantages of pure gradient descent/ascent techniques in terms
of tuning the learning rate, (Riedmiller and Braun, 1993) propose RProp, an algorithm that
takes into account only the sign of the corresponding partial derivative value. In terms of

t
Equation 25, RProp can be defined by choosing 1 = --- = dpr = 1, {ﬂlgl)} = 0,

k=0
t
{87} _ =0, and ¢{V() and o7 () as:

o (VOé(XLq,o\Di)’ > ~7va(X1:q,t‘Di)> = sign (VOé(Xlzq,t\Dz‘)> ;

2 2
¢§2) (va(xlsq,()u)i) Yo va(xlzq,tu)i) ) = ]-dq'

C.7 AdamW

(Loshchilov and Hutter, 2019) propose a variation of Adam optimisation algorithm with
decoupled weight decay regularisation to improve its generalisation properties. AdamW can

be written in the form of Equation 25 by specifying §; = (1 — A\n), £1] L [Tl] _ B,
o = .= A =, and
1-— L BV a(x1.1 D;
Igl) (va(xl:(bo‘pi),...’VO((XL(L{: DZ)751> — ( /81)2,1{:70 51 : ( l'th k‘ )’
1-p%
2 2 1- e ]““Vax.,?)i2
5,2) <va(X1:q,0 Dz) sy va(X1:q7t|Di) ’ﬁ2’6> — \/( 62) Zk_olﬁg ﬂt ( 1:q,t k’ ) te
— P2

C.8 AdamOs

To isolate the effect of our compositional reformulation, we consider a variation of the stan-
dard Adam optimiser with the parameter setup adopted from its compositional counterpart
CAdam. In terms of Equation 25, AdamOs can be formulated by setting 6; = --- = épr =1,

44



ComMPBO: COMPOSITIONAL BAYESIAN OPTIMISATION

_ tY)2 1— EQ]
=0, g7 =1 - BFEE gy = 0 <<1—o<f>>t> and

t
1—
¢7§1) (Va(xliq,o‘pi)7 RS va(xlzq,t|Di)7 ﬁl) = IBI Z 5fVa(x1:q,t_k|Di),

s 2 o2 1— 5
7 (ValqoDi)' . ., ValxigalDi) s o) = 4| 1— A CT )

Appendix D. Second-Order Optimisers in ERM-BO

Second-order optimisation methods along with gradients utilise second-order information
of the objective function, typically® encoded in the Hessian matrix VZa(-|D;). The general
iterative update for second-order methods is given by:

-1
Xigt+1 = Xiiqt — M V2a(x1:q7tﬂ)i)} Va(xi.4,:D;) (Generalised update),

where V2a(x1.4¢|D;) is an approximation for the Hessian matrix evaluated at a current
iterate x1.4;. This approximation is needed due to the size of the real Hessian matrix (in
our case V2a(xi.q:|D;) € R¥*) as well as the necessity to compute its inverse at each
iteration of the above generalised update.

The BFGS algorithm (Kelley, 1999) and its memory-efficient version (Byrd et al., 1995)
are the most commonly-used second-order techniques for high-dimensional, non-convex op-
timisation and are based on the Sherman-Morison formulae for recursive computation of
the approximated Hessian inverse:

S | s, hT
[ValeqD)] = [I T
t Ot

hts;r} sis]

-1
V2a(x1.0.4-1|D; } {I — ,
|: ( L.t 1| ) h;rSt h;rSt

where |:V2Oé(X1;q,0‘Di)} ' = I and curvature pairs h; = Va(x1.4+/D;) — Va(xi.q:-1|D;i),
St = X1i.qt — X1:qt—1. The recursive expression is beneficial for two reasons: 1) it admits
computation of the Hessian inverse approximation while avoiding the inversion of large
matrices and 2) it is formulated in terms of curvature pairs s;,y, and hence permits com-
putation of the descent direction efficiently with respect to both time and memory.

Appendix E. First-Order Compositional Optimisers

As discussed in Section 3.2.1, first-order compositional methods depend on a stochastic ap-
proximation of the gradient of a compositional function a(Comp) (x1:4|D5) = f(Eug,(X1:4)])

8. An alternative is the Fischer Information Matrix (Amari and Nagaoka, 2007) used in the natural gradient
decent update equation (Amari, 2012).
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given by:

Ky

Ky T
1
VveC(Xl:q)a(Comp) (X1:q|Di) = [ Z Vvec(xhq)gwm (Xlzq)] va(C)

where y is an iterative auxiliary variable introduced to approximate the expectation of the
inner mapping E,[g,,(x1.¢)] in a momentum-based fashion. Generalised update rules for
first-order compositional optimisers are iterative in nature and have the following form:

Main variable update:

1 . e
¢§ | <{vVeC(xqu)a(COmp) (X1:q,k; Ck’Di)}k—o ) {715: )} )

(2 om 21" (2) ' ’
(o} <{vvec(x1:q)a(c p)(xl:q’k’Ck’Di) }kzo’{ryk } 07€>

X1gt+l = Xigt T M

The second auxiliary variable update:

3
Uit1 = ¢§+)1 (Xl:q,07 cee 7X1:q,t+1a {/Bk}ll:gzo) )

The first auxiliary variable update:

Ct+1 = ¢§i)1 (g(ul)) cee 7g(ut+1)7 {/Bk}l;g:()a COa ll(]) .

where g(u) = I% S g.,, (u) is a Monte Carlo approximation of E,[g,(x1.4)]. Next, we

show how different first-order compositional optimisers can be formulated in terms of the
above generalised iterative updates.

E.1 SCGA

Stochastic Compositional Gradient Ascent (Wang et al., 2017a) is the first algorithm which
focuses on a quasi-gradient computation and a momentum-based approximation of the inner
mapping E,[g,, (x)]. Following the generalised update scheme, SCGA can be accessed by
setting:

1 t NK
1(5 ) <{Vvec (X1:9) Comp) (Xlzq,kn Ck|DZ)}k:0 ) {7](9 )}k:0> = vVeC(Xl:q)a(Comp) (Xli(},t? Ct‘Dl)7

(Comp) 2\ ¢ (2) t _
Vvec xlq (qukyck| ) k::07 Ve k::07€ - 1dq»

(xl :q,05 + -+ s Xl:q,t) {Bk}i;_:lo) = Xl:q,t»

t t—1
g(un), - 8w {8} izhs Corvo) = D Bt [T(1 - B)e(we)
k=1 j=k
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E.2 ASCGA

(Wang et al., 2017a) propose an accelerated stochastic compositional gradient algorithm
by evaluating compositional gradients via two-timescale iteration updates. We can attain
ASCGA from the generalised update equations by defining qbgl), ¢§2), ¢§3), <,‘b§4) as

t
5/1) ({Vvec(xl;q)a(COmp) (X1:0.k5 Ck|Di)}k:0 ) {'y](j) }k_0> = Vvec(xw)O[(Comp)(xl:%t7 ¢\ D),

(Comp) 2\ (2) K
vecx1 Y& (quk7Ck| )}k:07{7]€ }k:076 :1dq7

X1:q,05 - - - » Xligqyts {5k} ) (1- 5,5__11)X1;q,t—1 + Bt__llxl:q,ta

(3) (

t t—1
<g g(u), {8k}t Cos uo) = Zﬂkq H(l - Bj)g(ug)
k=1 =k

E.3 CAdam

As mentioned in the main body of the paper, one can recover CAdam (Tutunov et al.,
2020) by instantiating the above as follows:

¢§1) <{Vvec(X1:q)a(Comp) (Xliq:k’ C’f’Di)};fo 7 {’Y](gl)}t > -

k=0
! 1 ! 1
Z [ ] H ’yJ[ }VveC(Xl:q)a(Comp) (Xli%ka Ck|Dl)7
k=0 j=k+1
(2) om ! (21" _
¢t <{Vvec(x1:q)a(c p) (Xl:q,k7 Ck’DZ) }k:() , {’yk }k:() , e) =
' 2 ! 2 2
S0 =9 T 7% Vet ) (g, Gl D2) 6
k=0 j=k+1

3 _ _ _
‘ibg ) (Xl:q,O’ <o Xligits {ﬁk}};:lo) =(1- @ﬁ)xl:q,tfl + 5t711X1:q,t7

t t—1 .
A (8P n)..... g7 (5 Hhe Coruo) = 37 Bt [1(1 - )8 )
k=1 =k

E.4 NASA

Nested Averaged Stochastic Approximation (Ghadimi et al., 2020) is a single time-
scale stochastic approximation algorithm whereby the problem is transformed to a high-
dimensional space and together with the main variable x, the behaviour of the gradient
of the compositional function Vvec(xqu)a(comp) (x1:4|D;) as well as the value of the inner
mapping E,[g,,(x)] are studied. In terms of generalised update rules, the NASA algorithm
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can be formulated by the following setup:

1 t
1§ ) <{Vvec(x1;q)a(comp) (Xlzq,ka Ck’Dl)}k:O ) {ka}ZZO) =

t—1 t
P Z Tk—1 H(l - ij)vvec(xliq)a(Comp) (Xl:q,ka Ck|Dl)7
k=0 j=k

2 om 2\ ¢ K
¢§ | <{vvec(x11q)a(c P) (Xliq,ka Ck|Dl) }kzo ’ {’YIE: )}kzo ’ 6) = ].an
¢§3) (Xl:q,Ov oo Xlig it {5]4}2_:10) = Xl:qts

t t—1
B (sn). . s, (51Hch Coro) = 8D mis 01— Bl
k=1 j=k

E.5 Nested-MC

To emphasise the effect of a momentum-based update for the auxiliary variable y, we also
consider a compositional variation of the Adam optimiser, where all involved expectation
operators are approximated by corresponding Monte Carlo estimates. In terms of the
generalised update scheme, Nested-MC can be formulated as follows:

1 t
d)g ) <{Vvec(x1:q)a(comp)(Xlsq,kaCk‘Di)}kZO 7/81> =

(1-51) <
1— 8 &

2 2"
¢7§ ) <{VVGC(XLq)a(COmp)(Xlzq,khCk‘Di) }k:(] 76276> =

B{C vvec(xlzq) a(Comp) (Xlzq,t—k y thk ’DZ) )
0

t
1-— 2
% Z BéﬁVveC(XI:q)a(Comp) (Xlzq,t—k’a thk’DZ) + €,
1-75 k=0
¢1(§3) (Xlzq,Oa <y Xligts {ﬁk}z;lg) = Xl:q,t>

o1 (8Cun). - glu). {Bi}=h: Cor o) = glwr).

Appendix F. Memory-Efficient Adaptations for Compositional
Optimisers

As described in Section 3.2.2, the necessity of storing all M samples of the reparameterisa-
tion random variables z ~ A(0, I) makes compositional optimisers cumbersome with respect
to memory capacity. For example, an inner mapping g®™?®)(xy.,) = E, [g(type) (x1:)] €
RI*M where type € {EI, PI,SR, UCB} and each stochastic instance gijpe) (x1.q) is defined
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as:

ggcype) (Xl:q) = [OQa cee ’Vgsype)’ ce ’Oq] € RqXM

where each vSype) € RY is formulated in terms of an associated vector z sampled uniformly
from a fixed collection, as described in Section 3.2.1. As a result, the construction of a
Monte Carlo estimate for g("P®)(x.,) involves storing all {z1,...,zas} and therefore gives
rise to high memory consumption. In the memory-efficient adaptation however, we remedy
this problem by sampling a set of reparameterisation random variables z1, ...,z directly
from a distribution N(0, I) rather then from a large fixed collection. As a result, a stochastic
instance of the inner mapping can be written as a ¢ by K matrix:
g(type),(ME)(,) _ V(‘Bype)(‘)7 (tYPe)(_)] c RIXK

7 ces Vg

where the j* column is defined via the associated v;tjype)(-) in an analogous fashion to

Section 3.2.1. This adjustment immediately allows us to compute stochastic estimates
for the Jacobian Vyee(x,,)8"P)ME) (1) = Veo(x,, ) 80P ME) () of the inner mapping in a

memory-efficient manner. Finally, the gradient of the compositional objective aCo™P) (x| D;)
can be estimated as follows:

T
Vvec( )a(Comp),(ME) (*7 N |Dl) = vvec(xl;q)g(type)’(ME) (*) va(type) (*) :

X1:q
where * represents the value of the first auxiliary variable ¢ obtained via the exponentially-
weighted average of estimates g(®pe).(ME)(.) (see Section 3.2.1). The generalised iterative
update equations for memory-efficient compositional optimisers already have a familiar
form:

Main variable update:

(1) om ' W’
¢t <{vvec(x1;q)a(c p)’(ME)(Xlzq,kvCk‘Di)}kzo7{’yk } >

. - 2yt 2\ ¢ 7
¢1§ : <{vvec(X1:q)a(C p)7(ME)(X1:q’k’Ck‘Di) } 7{%(6 )} 076)

k=0

X1:qt+1 = Xl:q,t T M

The second auxiliary variable update:

3
U1 = ¢§+)1 (Xl:q,07 <oy X1ig 1, {/Bk'}llfgzo) )

The first auxiliary variable update:

Cran = i (BEPI TP (wy), ..., g0 OB (), {B} g Cor o) -

Next, we show how memory-efficient compositional optimisers can be formulated in terms
of the above generalised iterative updates.
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F.1 CAdam-ME

A memory-efficient version of the CAdam optimiser in terms of the generalised update:

k=0

1 om t oy
¢§ : <{VVec(x1:q)a(C p)7(ME)(X1:q’k’Ck‘Di)}k7 7{%5 )} > N

H mvvec x1 a(Comp) (ME) (Xl :q,k>» Ck’D )
0 j=k+1

2) om A @) _
o ({VVGC(XI:q)O‘(C PHOE) (x1:q,1, G| D) }k 0’ {’Y’“ }k0’6> a

M“

e
Il

j=k+1

t t
2
\l Z(l - 7][62]) H 7][‘2]vvec(xl;q)a(comp)’(ME) (Xlzq,k7 Ck|Dz) + €,
k=0
¢§3) (Xlzq,(]a -y Xty {Bk}z_zlo) - (1 - /B;ll)xl-q,t 1+ 675_11X1'q,t;

#i" ({g<type>v<ME><uk>};l,wk}z—z,co,uo) Zﬁk 1H 1 ;)P (M) (),

F.2 NASA-ME

The NASA algorithm also has a memory-efficient adaptation:

t
gl) ({vveC(XLq)a(comp)’(ME) (Xlzq,k7 Ckﬂ)l)}k:o s {ka}i}—O) =

t—1 t
PZ Th—1 H(1 — P75) Vvee(xr.q) A COPHME) (1. 1o Ci D),
k=0 j=k
Igz) ({vvec(xl;q)a(comp)’(ME)(Xlzq,k7Ck’Di)Q};:O ; {’Y;(f)};:oaf> = L4,
¢£3) (X1:0,0: - - - » X1ig,ts LBk Hiy) = Xiig,ts
@ ({g(tYPeL(ME)(uk)};:l,{Bk}'];_:lo’co,uo) 527k . ﬁ | — Br;)g@po) (B (),
k=1 =k

F.3 Nested MC-ME

Finally, the Nested MC optimiser can also be converted to its memory-efficient form:

¢7§1) <{vvec(x1:q)a(comp)’(ME)(Xli%k’Ck|Di)}k ’ﬁl> B

a(Comp),(ME) (x4 1. &1 D),

vec (X1:q
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25t

(1 5s)

2
T8 5§Vvec(x1:q)a(comp)’(ME) (X1:q,6—k> Ce—i Di) + €,
2 k=0

3 _
¢§ ) (X1:0,05 - -+ X1sqts 1Bk Hos) = Xigits

t I
¢1" <{g<type>7<ME>(uk)}k1 ABet iz Co 110) = g(ope).0VE) ().

Appendix G. Extended Results
G.1 Non-myopic acquisition function: Entropy Search

Although our main focus was set on myopic acquisition functions, we showed that compo-
sitional optimisation can also be applied to maximise non-myopic acquisition functions as
illustrated with Entropy Search. As noted in Section 2.2 and contrary to myopic acquisi-
tion functions, Entropy Search directly comes in a compositional form making it naturally
amenable to compositional optimisation, but can also be optimised via nested-MC approach
as the other compositional forms we derived for myopic acquisition functions. Nonethe-
less, this compositional structure requires, for the inner expectation, the evaluation of GP
posteriors on a set of points covering the search space, making this information-efficient
acquisition function scale poorly with the dimensionality of the problem.

Owing to poor scalability, we adapted the experimental setup described in Section 4
for synthetic experiments, considering bayesian optimisation of the 3D versions of Levy and
Ackley synthetic functions. We compare the use of zero’th, first and second-order optimisers
for the acquisition function optimisation (with a budget of 64 optimisation steps, similar to
other experiments). At each inner BO step, three points are acquired until reaching a total
of 60 evaluations (on top of the three initial random ones). To reduce memory usage we
applied memory-efficient strategy for compositional optimisation and also followed (Hennig
and Schuler, 2012) for the discretisation strategy, sampling 100 points based on Expected
Improvement values (avoiding the burden of considering a regular grid over the search
space which would require taking more points to get a good approximation of the entropy
as discussed in (Hennig and Schuler, 2012)).

The evolution of immediate log-regrets shown on Figure 11 have been obtained after ap-
plying the hyperparameter tuning procedure presented in Section 4 to assess performance of
each optimiser in a favourable setting. We see that for this non-myopic acquisition function,
first-order optimisers outperforms second and zeroth-order approaches that are comparable
to Random Search. These observations aligns with the ones made when studying myopic
cases. Nevertheless, this set of experiments fails to establish a clear advantage of the use
of compositional optimisers compared to nested-MC approach (based on Adam optimiser
in this case) as NASA permits the lowest regret when minimising Levy while nested-MC
permits the lowest regret for Ackley minimisation. We believe that this preliminary result
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should open the door to a more in-depth study of non-myopic acquisition functions, which

would be beyond the scope of this paper.
Levy - 3D Ackley - 3D

Immediate log-regret

—0.25

0 10 20 30 10 50 60 0 10 20 30 10 50 60
Num. evaluations Num. evaluations
RS e 0-Comp: DE ~ ===-- 1-Comp: CAdam-compo 2-Comp: CL-BFGS-B

""""" 0-Comp: CMA-ES 1-Comp: Nested-MC --=== 1-Comp: NASA-old

Figure 11: Evolution of immediate log-regret obtained when running Bayesian optimisation
with Entropy Search to minimise Levy (left) and Ackley (right) functions. Each line is
associated with an optimiser used to perform the acquisition function maximisation step
that produces a new batch of 3 points to evaluate. The immediate log-regret averaged over
10 seeds appears in solid (Random Search), dotted (0-order optimisers) or dashed (order-1
and order-2 optimisers) line and the standard deviation appears as shaded area. We see
that first-order optimisers tend to attain lower regrets.

G.2 Results presentation

When comparing acquisition function optimisation approaches on synthetic BBO tasks,
we showed regret evolutions aggregating results obtained across several synthetic objective
functions, acquisition functions and optimisers and plotted the mean surrounded by one
standard deviation. Due to the variability of the tasks over which we aggregated the re-
sults this variance is usually very large (see Figures 1, 5) leading to uncertainty as whether
the discrepancies observed between the mean curves corresponds to statistically significant
performance gaps. On the other hand, we note that we could alternatively aggregate these
experiments by first averaging regrets across the BBO tasks and therefore taking into ac-
count solely the variability induced by the random seeds. We compare these two aggregation
methods in Figure 12, which shows normalised regrets across all synthetic tasks, and in Fig-
ure 12m which reports performances achieved when using ERM and FSM formulations of
the acquisition functions. In both cases the variability is drastically reduced when only
randomness from the seeds is considered, which indicates that most of the variability comes
from the variety of the tasks.

From the summary results of Figure 12 we can make several observations regarding the
final normalised log-regret achieved by each type of optimisers, notably that (c.1) on average
the best first-order compositional optimiser outperforms best first-order non-compositional
optimiser. Secondly, we observe that (c.2) the latter achieves lower regrets than second-
order optimisers. We test the statistical significance of these claims along with similar
comparisons between categories of optimisers by conducting one-tailed Z-test when we take
into account task variability and one-tailed t-test when we only take seed variability into
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Showing task variability Showing only seed variability
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Figure 12: Summary plots for 3100 synthetic BBO experiments. On the left, the variability
across the BBO tasks is taken into account to compute the standard deviation inducing
a large shaded areas (showing £1 std). On the right, normalised immediate regrets are
averaged across all the tasks and only the variability across the 5 random seeds is shown as
a shaded area surrounding the mean curve.

Hy H, p-value p-value
(w/ task var.) (w/o task var.)
1-Comp = 1-Non-Comp 1-Comp < 1-Non-Comp 8.28e-03 4.45e-08
1-Non-Comp = 2-Comp 1-Non-Comp < 2-Comp 2.14e-07 6.69e-10
2-Comp = 2-Non-Comp 2-Comp < 2-Non-Comp 2.62e-01 1.51e-02
2-Non-Comp = 0-Comp 2-Non-Comp < 0-Comp 4.74e-06 2.75e-07
0-Comp = 0-RS 0-Comp < RS 2.28e-01 5.71e-02

Table 2: Statistical significance of the observations made on summary Figures 12: the
p-values computed from upper-tailed Z-test when task variability is considered and from
upper-tailed t-test when only seed variability is measured. The null-hypothesis Hy (resp.
alternative hypothesis H,) formulated as Category, = Category, (resp. Category, <
Category,) reads “On average, final normalised log-regrets achieved using best optimiser of
Category, is equal (resp. is lower) than the one obtained using best optimiser of Category;”.
We highlight the p-values lower than 0.05 in bold font denoting rejection of Hy.

account, as we only observe 5 samples for each category). The p-values are reported in
Table 2 for several hypotheses and allow to conclude to the statistical significance of the
claims (c.1) and (c.2) even when task variability is considered.

Similarly we assess statistical significance of the outperformance of FSM over ERM
versions of the acquisition functions which we studied in Section 4.1. Again, we perform
one-tailed Z-tests and t-tests on hypotheses comparing final regrets achieved when using
ERM and FSM forms with four first-order optimisers (Adam, Adagrad, RMSprop, and
Rprop) and reports the associated p-values in Table 3. Based on the 960 synthetic BBO
experiments carried out, we can conclude that for half of the optimisers (Adagrad and
Rprop) when we include task variability in the analysis. For all optimisers, if we focus on
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Figure 13: Summary plots comparing the evolution of the normalised immediate regret
obtained across all synthetic tasks when using first-order methods with either the ERM or
FSM formulation of the acquisition function. First column displays the standard deviation
obtained when considering the variability across the BBO tasks, while on the second column,
normalised immediate regrets, is averaged across tasks and only the variability across the 5
random seeds is shown as a shaded area surrounding the mean curve. Normalised regret is
plotted as a function of the number of evaluations on the top row, while on the bottom row
the z-axis corresponds to the execution time. The plot highlights that FSM incurs lower
execution runtime than its ERM counterpart.

the average performance across tasks, FSM allows achieving significantly lower log-regret
than ERM. Nevertheless, this significant benefit of FSM over ERM may be mitigated by a
longer execution time.

To address this potential concern, we showed evolution of normalised log-regret as a
function of the execution time on the two bottom plots of Figure 13. We notice that using
FSM form does not induce any penalty in terms of run-time and even allows to marginally
speed-up the optimisation process, making the case for FSM form even stronger.
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Optimiser Hy H, p-value p-value
(op.) (w/ task var.) (w/o task var.)
Adam op-ERM = op-FSM  op-ERM > op-FSM 2.53e-1 3.14e-02

Adagrad op-ERM = op-FSM op-ERM > op-FSM 1.25e-03 3.42e-05

RMSprop op-ERM = op-FSM  op-ERM > op-FSM 8.27e-02 3.15e-03
Rprop op-ERM = op-FSM  op-ERM > op-FSM 3.57e-02 3.86e-04

Table 3: Statistical significance of the observations made on summary Figures 13: the p-
values are computed from lower-tailed Z-test when task variability is considered and from
lower-tailed t¢-test when only seed variability is measured. The null-hypothesis Hy (resp.
alternative hypothesis H,) formulated as op-ERM = op-FSM (resp. op-ERM < op-FSM)
reads “On average, final normalised log-regrets achieved using best optimiser of op-ERM
is equal (resp. is greater) than the one obtained using best optimiser of op-FSM”. We
highlight the p-values lower than 0.05 in bold font denoting rejection of Hy

G.3 Synthetic tasks
G.3.1 IMMEDIATE LOG-REGRET ACROSS TASKS

We provide in Figures 14, 15, 16, 17 and 18 the evolution of immediate regrets obtained
using each optimiser and acquisition function on synthetic black-box maximisation tasks in
16, 40, 60, 80 and 120 dimensions. These results are summarised in Table 1.

(G.3.2 INNER OPTIMISATION

Despite our interest in acquisition function optimisation, we compare performance based
on the evolution of immediate regrets achieved in the course of BO rather than focusing
on the visualisation of the acquisition function optimisation trajectories. This choice is
motivated by the fact that this interest for the BO inner optimisation step is meaningful
when it is intimately linked to the global BO process, since in practice the goal will always
be to achieve the lowest possible regret for a given black-box function. Therefore analysing
regret curves when using different inner optimisation processes allows to make comparisons
in line with the core motivation of this work — that is to shed light on the impact of the
choice of the inner optimisation process to get the best BO performance (which of course
should be highly correlated to the quality of the inner optimisation). Moreover, having this
objective in mind, it then becomes difficult to compare inner optimisation performances
directly, since a valid comparison requires sharing similar initial points which is generally
not possible beyond the first acquisition step. An alternative consists in probing some
points in the search space on which we fit one surrogate model that is used to test all
acquisition optimisation methods. We provide an example of such experiment on Figure 20
showing acquisition values trajectories across 64 optimisation steps when taking 3, 50, 250
and 500 initial random points (we use Powell test function in 16D to get the corresponding
blackbox values and fit the surrogate model common to all optimisers). As 32 starting
points have been used for each optimisation, only the trajectories leading to the highest
acquisition values are shown. Although some observations can be made from this figure
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Figure 14: Evolution of immediate log-regret for various acquisition functions and optimisers
on 16D synthetic function maximisation tasks. Results of 490 experiments are shown on
this graph.

as we notice that compositional first-order forms tend to outperform when working with
PI (which corroborates former observations, e.g. regret curves of Figure 6) and achieve
highest acquisition values half of the time when optimising EI. We believe that no solid
conclusions can be drawn from such graph, as the surrogate models built from random
points are certainly not representative of the surrogate models encountered in the course of
BO where evaluated points have been properly selected.

G.4 Hyperparameter tuning tasks

As described on Section 4.5, we compared optimisers performances on a set of real-world
tasks taken from the Bayesmark data sets. Figures 21, 22, 23, 24 show show the evolution
of the scores obtained by each optimiser for all tasks.

Appendix H. Hyperparameter Settings

As explained in Section 4, the performances of first-order optimisers that are reported
have been obtained after a hyperparameter tuning phase. We show in Table 4 and 5 the
hyperparameters that have been tuned for each optimiser, along with their tuning domains.
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Figure 15: Evolution of immediate log-regret for various acquisition functions and optimisers
on 40D synthetic function maximisation tasks. Results of 490 experiments are shown on

this graph.
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Figure 16: Evolution of immediate log-regret for various acquisition functions and optimisers
on 60D synthetic function maximisation tasks. Results of 485 experiments are shown on
this graph.
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Figure 17: Evolution of immediate log-regret for various acquisition functions and optimisers
on 80D synthetic function maximisation tasks. Results of 545 experiments are shown on
this graph.
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Figure 18: Evolution of immediate log-regret for various acquisition functions and optimisers
on 120D synthetic function maximisation tasks. Results of 545 experiments are shown on
this graph.
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Figure 19: Execution time of UCB maximisation run on 4 CPUs measured for each optimiser
on 2 synthetic black-box maximisation tasks in 16, 40, 80 and 120 dims, amounting to 184
BO experiments.

60



128000

Powell - 3 initial points

CoMPBO: COMPOSITIONAL BAYESIAN OPTIMISATION

Powell - 50 initial points

150000 200000

Powell - 250 initial points

5\ 175000 e e
& 126000 P
=R 140000 150000 150000
= 124000 — AR ARAC SRR DA VLI | PR A AL\l e
= y
g - 130000 129000
= 122000 100000
% 100000
2,12000( g
=y 000 120000 & 5000
:)U‘ 0 20 40 60 0 20 40 60 50000 0 20 40 60
= .
=] ) 12500
O 3000 Pag S 15000
& 20000 P
5} 10000
g
=, 24000 2000 10000, 7500
g
= 5000
= 200 1000 5000
8 2500
a
%
= 20000 0 0 0
4 0 0 0 10 60
82000 160000 175000
= 110000 140000 g
|53 150000 — 2=
080000 i
é 100000 120000 125000
(5
— 100000
2478000 20000 100000
% a 1 80000 ¥/ 75000
< 0000 j J
76000 80000 > Y 60000 50000
0 20 40 60 0 20 40 60
-
5
|5}
g 1.00 05 1.0 10
=
e 04 0.8 08
%l) 98
i 03 06 06
=
Q
T 02 0.4 04
= |
B 0.1 i 0.2 0.2
S Y Ea BA
3 AL it
o 0 0.0 A o 0.0 — 0.0 —
i 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
S Num. optimisation steps Num. optimisation steps Num. optimisation steps Num. optimisation steps
RS —— 1-NonComp: RMSprop —— 1-NonComp: Rprop 0-Comp: DE - 1-Comp: Nested-MC
0-NonComp: CMA-ES 1-NonComp: Adamos 1-NonComp: AdamW 0-Comp: CMA-ES - 1-Comp: CAdam
—— 0-NonComp: DE 1-NonComp: Adadelta —— 1-NonComp: Adagrad 1-Comp: ASCGA - 1-Comp: SCGA
~—— 1-NonComp: Adam —— 1-NonComp: SGA 2-NonComp: L-BFGS-B -~ 1-Comp: NASA - 2-Comp: CL-BFGS-B

Figure 20: Powell 16D. Evolution of the acquisition function values over the course of
64 optimisation steps. FEach columns corresponds to a number of random initial points
considered to fit the surrogate model (these points are the same for all optimisers and does
not necessarily reflects the distribution of the points that would be observed if these points
had been selected through BO) and each row is associated to an acquisition function. As 32
starting points are initially selected to perform acquisition function optimisation, we only
show for each optimiser the trajectory yielding the highest acquisition value at the end of

the 64 steps.
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Tuning has been performed using the BO library GPYOPT with a total of 33 configurations
tested for each optimiser.

Optimiser  Reference Parameters Tuning domain Scheduled
Adam App. C4 Ir LU(107°,0.3) v
51 4(0.05,0.999)

Bo LU(0.9,1 —1079)
wy LU(1078,0.1)
AdamW  App. C.7 Ir LU(107°,0.3) v
B1 U4(0.05,0.999)
Bo LU(0.9,1 —1079)
Wy LU(1078,0.1)
Adadelta App. C.5 Ir LU(107°,0.3) v
p LU4(0,0.999)
wq LU(1078,0.1)
Adagrad  App. C.2 Ir LU(107°,0.3)
Irg LU(1077,10)
§ LU(1078,.3)
wy LU(1078,0.1)
SGA App. C.1 Ir LU(107°,0.3) v
p U(0,1)
A U(0,1)
nesterov. U {0,1}
wq LU(1078,0.1)
Rprop App. C.6 Ir LU(107°,0.3) v
m U(0,1)
12 U(1,3)
RMSprop App. C.3 Ir LU(107°,0.3) v
p u(0,1)
o LU(1075,.3)
centering U {0,1}
wy LU(1078,0.1)
Adamos App. C.8 Ir LU(107°,1.)
7 LU4(0.1,0.999)
(0N U0.5,1)
Qyq U(0.02,0.5)
d U(0.8,1.2)
Y24 U(0.2,0.8)

Table 4: Selected first-order non-compositional optimisers used in our experiments together
with their tuning domains. Searches in a log-uniform domain are denoted by LU/, while
searches in a uniform continuous (resp. discrete) domain is denoted by U() (resp. U{}).
The learning rate scheduling, marked with the v* sign in the last column, is an exponential
decay schedule with a multiplicative factor v tuned in £U/(10~7,0.3) along with the other
optimiser hyperparameters.
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Figure 24

Optimiser Reference Parameters Tuning domain Scheduled
CAdam (Tutunov et al., 2020) Ir LU(107°,1.)

B L14(0.001, 0.999)

u L14(0.1,0.999)

(ON U(0.5,1)

Qg 4(0.02,0.5)

[d U(0.8,1.2)

Y24 4(0.2,0.8)
NASA (Ghadimi et al., 2020) a U(0.1,10)

b U(0.1,10)

B U(0.1,10)

v U0.5,1.)
SCGD (Wang et al., 2017a) Ir LU(—-4,1)

Irg U(0.4,.95)

B L14(0.1,0.999)

Ba 14(0.2,0.8)
ASCGD (Wang et al., 2017a) Ir LU(—-4,1)

Irg U(0.4,.95)

B L14(0.1,0.999)

Ba U4(0.25,0.85)

Table 5: Selected first-order non-compositional optimisers used in our experiments together
with their tuning domains.
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