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Abstract
More often than not, the critical tuning of ML algorithm parameters has relied on
domain expertise, along with laborious hand-tuning, exhaustive search or lengthy
sampling runs. Against this background, Bayesian optimisation is finding increasing use in automating parameter tuning, making ML algorithms accessible even to
non-experts. The state of the art in Bayesian optimisation is incapable of scaling to
the large number of evaluations of algorithm performance required to fit realistic
models to complex data. We solve this problem with a stochastic, sparse Bayesian
optimisation strategy, using a sparse Gaussian process (GP) and many thousands of
noisy evaluations of algorithm performance to train previously intractable models.
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Introduction

In this paper we present a novel extension of Bayesian optimisation (BO) to intractable optimisation
problems made possible by two techniques:
Scalable BO: Firstly, we propose a new BO algorithm that makes use of advances in sparse GPs
to deliver more benign scaling. This enables the tackling of challenging algorithm configuration
tasks and provides non-trivial acceleration on generic BO problems, while retaining the powerful
probabilistic machinery of the GP, which provides better performance than the empirical mean and
variance of random forest regressors (RFRs) [1, 2].
Stochastic BO: Our second contribution is introducing the use of BO strategies to configure algorithms where performance evaluations are either uncertain or stochastic. This contribution is
significant when considering the fitting of models to large amounts of data. The state of the art
for such tasks relies upon evaluations of model fit on stochastically selected subsets of data, giving rise to algorithms including stochastic optimisation [3], stochastic gradient Langevin dynamics
[4] and stochastic variational inference [5]. Within our BO framework, such evaluations on subsets
are simply treated as evaluations of a latent performance curve corrupted by noise. Unlike existing
stochastic approaches, our BO strategy uses these noisy objective evaluations to construct an explicit
surrogate model even when gradients are unavailable (as is often the case for black-box algorithms)
or are excessively expensive.
Crucially, the sparse GPs used in scalable BO scale as O(N ) (where N is the number of observations)
as compared to O(N 3 ) for the full GP, making them comparable to the efficient RFR. This allows
very large numbers of observations to be made to mitigate uncertainty introduced by the noisy
measurements of the objective in stochastic BO.
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Bayesian Optimisation with Noisy Observations

We use a GP as the surrogate for the latent performance curve. Coupled with this probabilistic
surrogate is an acquisition function λ(x | D) (often interpretable as an expected loss function), used
as a means of choosing each successive function evaluation.
There are a wide range of options for the choice of acquisition function [6]. In this work, given
our goal of managing noisy likelihood evaluations, we use the noise-tolerant expected improvement
acquisition function of [7]. Specifically, defining y+ = y(x+ ), f∗ = f (x∗ ) and ν as an appropriately
small threshold, we choose
∫ ∞
∫ η
[
]
:=
λ(x+ | D)
η
p(y+ | D) dy+ +
y+ p(y+ | D) dy+ , η :=
E p(f∗ | D) .
[ min ]
η

∞

x∗ :V p(f∗ |D) <ν 2

(1)
That is, our acquisition function is the expected lowest function value about which we are sufficiently
confident (with confidence specified by ν) after evaluating at x+ .
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Sparse Bayesian Optimisation on a Mixture of Gaussians

We tested a full GP, a Laplacian-GP [8], a spectral approximation to the covariance k [9], the fully independent training conditional (FITC) approximation [10, 11]
and the RFR on a toy mixture of gaussians with 5 local
minima and one global minimum in [−5, 5]. We “primed”
each regressor with two randomly sampled points. The
convergence is shown in Figure 1. This is the mean for 5
sample runs.
The posterior of the GP (and its various sparse approximations) allows the regressor to be bootstrapped from a
minimal starting set of sample points. The initial uncertainty strongly promotes exploration. This is in contrast
to the RFR, which can be excessively certain in sparsely
sampled or flat regions. Incorrect estimates of the hyperparameters can cause poor fitting of the function in all
of the GP models, causing exploration or exploitation to
proceed incorrectly. The FITC approximation is most affected by this due to the additional optimisation required
for the inducing inputs which may cause it to under- or
over-estimate the variance, as shown by its slower convergence in Figure 1.
We have found little difference in the performance between the FITC, Laplacian and spectral approximations
(the Laplacian model is slightly more efficient in one dimension, while the FITC is more prone to incorrectly esti- Figure 1: Convergence of BO using difmating the variance if the inducing inputs are incorrectly ferent regressors as surrogates to the
located, causing the delayed convergence shown in Fig- true minimum.
ure 1). We will concentrate on the spectral approximation
henceforth, due to its better scaling with dimensionality
and more reliable variance.
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Stochastic Bayesian Optimisation

Stochastic inference is a technique where the likelihood is evaluated on subsets of the data. Methods
in this family include stochastic optimisation [3], stochastic gradient Langevin dynamics [4] and
stochastic variational inference [5, 12]. These methods inspire Stochastic Bayesian Optimisation,
henceforth known as STOchastic Algorithm Tuning (STOAT). Here, we make noisy observations of
the likelihood of a large machine learning (ML) model by evaluating it on subsets of the data. We
2

use the probabilistic power of the GP and the large-data capabilities of the spectral approximation to
make many observations of the likelihood with different subsets of the data at each step of the BO
algorithm. Unlike existing stochastic optimisation approaches, we do not make use of gradient observations, allowing us to consider real, black-box algorithm configurations for which gradients are
unavailable or excessively expensive. Our approach also permits the global exploration of complex
likelihood surfaces, reducing the risk presented by local minima.
4.1

Optimisation of the noise corrupted Branin function

To test the hypothesis that we can perform global optimisation (GO) with noisy observations, we
optimised the Branin function with the evaluations corrupted by Gaussian noise with σ 2 = 5, which
is very large compared to the range of function values around the Branin’s three minima. Each
experiment was limited to 1000 seconds of wall-clock time. At each step we made 50 observations
of the noisy Branin function. These were passed to the GP. With 50 noisy evaluations per BO
evaluation, and 20-30 seconds per evaluation, the GP gathered between 1,500 and 2,500 samples. In
addition, we found it beneficial to “prime” the GP with 400 points from a Sobol sequence, to allow it
to concentrate more closely on exploring low regions of the space and learn hyper-parameters from
a larger initial set. In the most extreme case STOAT efficiently performed BO with nearly 3,000 data
points.
We used the(‘Gap’
measure
performance
(
)
( of ))
( (
) to compare
) performance of STOAT and standard BO
[13]: G := y xinit − y xbest / y xinit − y (xopt ) . Table 1 shows the maximum gap, mean
gap, and the best minimum found by STOAT and the standard BO algorithm. We also tested the
covariance matrix adaptive evolution strategy (CMAES) [14] and dividing rectangles (DIRECT) [15]
methods, however, we found that these did not converge on this very noisy objective.
Method
BO

Stochastic BO

Max Gap

Mean Gap

Best minimum found (true minima)

0.926
0.997

0.831
0.965

2.15 (0.398)
0.472 (0.398)

Table 1: Performance of the algorithms minimising the Branin function with observation noise.
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Stochastic Bayesian Configuration of Model Parameters on Energy Data

AgentSwitch [16] is a project that aims to assist people in selecting the most economical energy
tariff for their expected electricity use. A GP model is used to predict the energy that will be used by
a household. The posterior prediction of this GP is used to inform group bidding for energy tariffs, to
ensure that a user pays the lowest price for their power. The posterior variance is particularly useful
here, because it allows the group to understand the risk of going for a cheaper, fixed use contract
compared to a more expensive flexible plan. To replicate the work in [16] we used household power
use data from UCI1 .
The dataset contains seven features describing the average power use in the house in different ways,
in addition to the date and time. The data was gathered at a resolution of one sample per minute. We
down-sampled this to hourly averages, and selected just the ‘global active power’ (power actually
used throughout the household). In total we had 34,166 observations, with a single input dimension.
We retained the last 5,000 entries for testing, and did not use these for learning the hyper-parameters.
Our training set consisted of 29,166 samples. Computing the full likelihood on this data is impractical on reasonable computing hardware, requiring 50 gigabytes of RAM simply to store the Gram
matrix.
The authors of [16] used a periodic GP with a exponentiated quadratic (EQ) kernel, and fixed the
periodicity hyper-parameter a-priori to one day and fit the other parameters using multistart type
2 maximum likelihood estimation (MLE - II) on subsets of the data. From inspection of the loglikelihood surface and the spectrum, we can see that there is a strong periodic component around
1

http://archive.ics.uci.edu/ml/datasets/Individual+household+electric+power+consumption
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one year, however, the likelihood for smaller periods is highly multi-modal. To adequately explore this surface would require multiple restarts at different initial hyper-parameter values, which
quickly approaches the computational burden of true BO. The authors of [16] chose not to optimise
their period with MLE - II for this reason and set it to a fixed number; STOAT automatically balances
exploration and exploitation, and can learn the dual periodic model on this in comparable time to a
multi-start MLE - II optimisation learning only the non-periodic hyper-parameters.
We used STOAT to learn the periods of a sum of periodic squared exponential (SE) kernels on this
data. We constrained the periods to lie within [0.1, 10] × [10, 1000]. Our noisy likelihood observations were evaluated on 1,000 samples from the training data. At each step we made 10 of these
stochastic observations (each on a different random subset of the training data without replacement).
We ran the experiments on a laptop computer with a 2.3 GHz Intel i7 CPU. In addition to the 10
stochastic samples at each iteration, before beginning our BO sequence we generated 600 space
filling points from a Sobol sequence and evaluated the noisy likelihood at each of these.
The pre-sampling allowed the GP to quickly become certain about the hyper-parameters, which
reduced wasted exploration steps. The pre-sample step took around 5 minutes, however once it was
complete the larger period quickly converged to 382 days, approximately one year. The shorter
period oscillated between 1.3 and 1.5 days. After one hour, the optimiser had converged to 1.5. For
comparison to [16], we also optimised a single-periodic kernel using STOAT. After the pre-sample,
this converged after a few steps to a period of 378 days. Marginalisation of the hyper-parameters as
recommended in [7] (Bayesian Quadrature (BQ)) or [17] (Markov chain Monte-Carlo (MCMC)) may
reduce the need to pre-sample, at the expense of additional computational load. Each iteration of the
BO algorithm took between 20 and 30 seconds to complete. Including the pre-sample, the number
of measurements made was between 1,500 and 2,500 with no noticeable slow down as N grew.
Method

Test data log-likelihood

learned double periodic
learned single periodic
AgentSwitch a-priori single periodic
A-periodic GP
STOAT
STOAT

-7.25
-7.39
-7.40
-9.22

Table 2: Log-likelihood on real held out electricity use data of models learned using our method,
a-priori setting of periods and naı̈ve a-periodic GP.
To test our results, we compared the predictive log-likelihoods (on the held out test-data) of our dual
periodic and single periodic kernels, [16]’s single periodic kernel and a simple, a-periodic SE kernel.
The results in Table 2 show the model using the parameters tuned by our algorithm outperforming
both the model from [16] and the aperiodic GP. Additionally, our algorithm tuner’s ability to quickly
find the second period at 1.5 days substantially improves the predictive performance when compared
to simpler models, even when searching the highly multi-modal first dimension.
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Conclusion

Using STOAT on a consumer grade laptop, we have quickly optimised the parameters of an ML
algorithm of such computational complexity that we cannot evaluate the likelihood on the full data.
On real, noisy data our algorithm quickly converges to the large global optimum in one dimension,
and in two dimensions is able to find a second optimal location amongst many nearby local optima.
We extend the principled exploration of expensive functions developed in the BO and Sequential
Model Based Optimisation (SMBO) literature to allow noisy observations of an objective function.
In real machine learning problems with computationally intractable likelihoods, we are able to find
the global optimum by evaluating the likelihood on subsets of the data, relying on the information
handling properties of our sparse GP to allow for this additional noise.
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