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1 Exploration of Dirichlet prior o,

In Section 4 we have introduced a., which is a noise term that corrupts the labels, so that any one-hot
encoded vector y can be mapped to a valid Dirichlet distribution. The vector with values equal to .
can be interpreted as the parameters of a Dirichlet distribution prior to the observation of a class label.
Then, the corrupted label will be given as the parameter vector of the posterior Dirichlet distribution:

a=y+a

As we have established in Section 4.2, the choice of a. may have a significant effect on the perfor-
mance of Dirichlet-based classification. We have also argued that the GP marginal log-likelihood in
the transformed space is not an appropriate measure to determine c. In our experience, however, it
is possible to identify a reasonably good value for o by observing its effect on the MNLL metric as
measured on the training data. Figure 1 is a summary of our experimentation on all datasets with
a. € {0.1,0.01,0.001,0.0001}. Although there is no consensus regarding the optimal value for «
across datasets, we see that in most cases the training value for MNLL reflects the corresponding value
reported for the test set.

2 Extended calibration results

Reliability diagrams offer a visual representation of calibration properties, where accuracy is plotted
as a function of confidence for the subsets {X1,..., X }. For a perfectly calibrated classifier,
the accuracy function should be equal to the identity line, implying that accu(X,,) = conf(X,,).
Large deviations from the identity line mean that the class probabilities are either underestimated or
overestimated.

In Figure 2 we summarize the reliability diagrams for a number of binary classification datasets.
Each row of diagrams corresponds to a particular dataset; and each column to one of the GP-based
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Figure 1: Exploration of a with respect to the MNLL metric.

classification approaches that we have discussed in this work. In particular, we consider the variational
GP classification algorithm of [2] (GPC), our Dirichlet-based classification scheme (GPD), and GP
regression on the labels without and with a Platt-scaling post-hoc calibration step (GPR and GPR
(PLATT)). Note that each one of these approaches produces a distribution of classifiers. Thus, in the
diagrams of Figure 2 we show the reliability curve of the mean classifier (depicted as solid lines-
points), along with the classifiers described by the upper and lower 95% quantiles of the predictive
distribution (grey area). If a classifier is well-calibrated, then its reliability curve should be close to
the identity curve (dashed line); the latter should also lie within the limits of the grey area.

For the results of Figure 2, we have considered M = 10 subsets for different levels of confidence. We
note that deviations from the identity curve should not be deemed important, if these are not backed
by a sufficient number of samples. For some datasets there are certain levels of confidence (middle
section of HTRU2 for example) that contain very few data. In order to reflect this behavior, we also
plot the histograms showing the proportion of the test set that corresponds to each confidence level.

A careful inspection of Figure 2 suggests that both GPC and GPD produce well-calibrated models.
The GPR approach, on the other hand, tends to produce a sigmoid-shaped reliability curve, which
suggests that there is underestimation of the class probabilities. This behavior is cured however by
performing calibration via Platt-scaling, as we see for the GPR (PLATT) method.

These conclusions are further supported by Figure 3, which summarizes the reliability plots for a
number of multi-class datasets. In the multi-class case, it is not obvious how to concisely summarise
the effect of the predictive distribution, so we resort to simple reliability plots of the average classifier
for each method.

As a final remark, we note that the predictive distribution of the GPD approach is different from
that obtained by GPC. In fact, judging form the upper and lower quantile classifiers as presented
in Figure 2, it appears that GPD results in a narrower predictive distribution, which is nevertheless



well-calibrated. An extended characterization of the predictive distribution for GPD is subject of
future work.
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Figure 2: Reliability diagrams for four different GP-based classification approaches on four binary
classification datasets. The bounds correspond to the classifiers given by the 95% confidence interval
of the posterior GP.

3 Discussion on computational efficiency

The speed-up values reported in Figure 5 of the main paper correspond to the difference between
GPD and GPC regarding the execution time required for hyperparameter optimization. For each
comparison, we use an identical setup (i.e. number or cores, memory) in the Zoe Analytics cluster
[5]. In this section, we provide some additional insights on the nature of the speed-up achieved.

If we assume fixed values for the GP hyperparameters, then the difference in computational effi-
ciency between GPD and GPC becomes obvious. For example, expectation propagation [4] involves
optimising a large number of site parameters that control the local Gaussian approximations to
the likelihood; this is achieved by an iterative process that requires carrying out several matrix
factorizations. Similarly, variational GPC approaches, such as [1], require optimising the variational
parameters. In contrast with these classical GPC approaches, likelihood approximation in GPD is
efficiently accomplished by means of moment matching, similar to least-squares classification.
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Figure 3: Reliability diagrams for three multiclass classification datasets.

8x107 —— GPD full —— GPD full —— GPD full — GPD full
GPC full GPC full GPC full GPC full
Tx107 —— GPC batch size: 1000 —— GPC batch size: 1000 —— GPC batch size: 1000 6x107" —— GPC batch size: 1000
. — GPC batch size: 200 —— GPC batch size: 200 6x10-1] \ —— GPC batch size: 200 —— GPC batch size: 200
46x107 5 5 \ 5
E H H \ Zax107
5x107 \
4x107* \ 3x107
-1
ax10-t 10 ~_ e - —_—
—
10° 10° 102 100 10t 107 10° 10 10
Iteration/Epoch Iteration/Epoch Iteration/Epoch Iteration/Epoch
(a) EEG (b) HTRU2 (c) MAGIC (d) MINIBOO
8x10°! GPD full GPD full GPD full GPD full
GPC full GPC full GPC full GPC full
7% 1071 GPC batch size: 1000 GPC batch size: 1000 100 GPC batch size: 1000 10° GPC batch size: 1000
GPC batch size: 200 GPC batch size: 200 GPC batch size: 200 — GPC batch size: 200
o 4 4 5
26x107! 2 10° F z
= - = =
5x107 —
~ 10 .
R SN — R —
——— T TT— 107
10° 10! 107 10° 10! 102 10° 10t 10? 10°
Iteration/Epoch Iteration/Epoch Iteration/Epoch Iteration/Epoch
(e) COVERBIN (f) LETTER (g) DRIVE (h) MOCAP

Figure 4: Progression of MNLL for the test set for GPC with different mini-batch sizes and GPD. All
methods have been optimized with the same number of iterations/epochs.

In case hyperparameter optimisation is performed, any expensive likelihood approximations will
have to be carried out many times as the hyperparameter space is explored. Some recent works
[1, 3, 6] propose methodologies that involve a joint optimisation of the hyperparameters along with
any parameters for likelihood approximations. Although such a practice has significant implications
on the performance, our approach remains more computationally efficient in comparison, since the
optimisation step simply involves fewer parameters, i.e. the GP hyperparameters only, as opposed to
a large number of variational parameters. In fact, the speed-ups that have been reported in Figure
5 of Section 5 reflect the performance difference between GPD and the variational sparse GP of [1].
A deeper insight into the source of this difference is provided by Figure 4, which illustrates the
progression of MNLL for a number of datasets, as this is measured on the test set, during the course of
the optimisation process for both GPD and variational GPC. We can see that MNLL approaches its
minimal value in a significantly smaller number of iterations compared to GPC. The running time for
a single iteration is virtually identical for both approaches, but the difference in total running time
until convergence is dramatic, as can be seen in Figure 4.

Finally, we acknowledge that computational efficiency of variational GPC can be improved by
admitting stochastic gradient descent optimization realised by means of mini-batches [1]. A full pass
over the training set, also called an epoch, involves several gradient updates, which are significantly
less expensive than a full GPD or GPC iteration. The effects of this practice can be seen in Figure 4,
where we report the MNLL progression for GPC with different mini-batch sizes over the course of
epochs. For all datasets, the use of mini-batches has a dramatic impact on performance compared
to the full GPC, as this is reflected by the progression of MNLL. In most cases, the test MNLL value
converges significantly faster to its lowest value compared to full-batch GPC, and in some cases
it approaches the performance of our approach. Nevertheless, GPD convergence remains faster
for most datasets, especially in the early stages of the optimization process. This advantage of a
regression-based approach becomes more evident in cases where the hyperparameters are easily
identifiable or reusable, as no optimisation is required.



References

[1]

(3]

J. Hensman, A. Matthews, and Z. Ghahramani. Scalable Variational Gaussian Process Clas-
sification. In G. Lebanon and S. V. N. Vishwanathan, editors, Proceedings of the Eighteenth
International Conference on Artificial Intelligence and Statistics, volume 38 of Proceedings of
Machine Learning Research, pages 351-360, San Diego, California, USA, May 2015. PMLR.

J. Hensman, A. G. Matthews, M. Filippone, and Z. Ghahramani. MCMC for Variationally Sparse
Gaussian Processes. In C. Cortes, N. D. Lawrence, D. D. Lee, M. Sugiyama, and R. Garnett,
editors, Advances in Neural Information Processing Systems 28, pages 1648—1656. Curran
Associates, Inc., 2015.

D. Herndndez-Lobato and J. M. Herndndez-Lobato. Scalable gaussian process classification
via expectation propagation. In Proceedings of the 19th International Conference on Artificial
Intelligence and Statistics, volume 51 of Proceedings of Machine Learning Research, pages
168-176. PMLR, 2016.

T. P. Minka. Expectation Propagation for approximate Bayesian inference. In Proceedings of the
17th Conference in Uncertainty in Artificial Intelligence, UAI *01, pages 362-369, San Francisco,
CA, USA, 2001. Morgan Kaufmann Publishers Inc.

F. Pace, D. Venzano, D. Carra, and P. Michiardi. Flexible scheduling of distributed analytic
applications. In Proceedings of the 17th IEEE/ACM International Symposium on Cluster, Cloud
and Grid Computing, CCGrid *17, pages 100-109, Piscataway, NJ, USA, 2017. IEEE Press.

A. G. Wilson, Z. Hu, R. Salakhutdinov, and E. P. Xing. Stochastic variational deep kernel
learning. In Proceedings of the 30th International Conference on Neural Information Processing
Systems, NIPS’ 16, pages 2594-2602. Curran Associates Inc., 2016.



	Exploration of Dirichlet prior 
	Extended calibration results
	Discussion on computational efficiency

