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Some memories

o | started working on the scalar Skew Normal in its simplest form
f(z,\) =2p(2)® (A\z), A>0zeR

in 1987 for my Laurea's dissertation
e | was not able to notice, in a formal way, the strange behaviour of the likelihood function
e For a while, | was suspecting that my code was wrong (two pages of code, which, today,

would correspond to
pnorm(lambda * z)



Over the years .

e | kept trying to find good inferential strategies for estimating the parameters of some
skew-symmetric statistical model

1Azzalini, A. (1985). A class of distributions which includes the normal ones. Scandinavian journal of statistics,
171-178.



Over the years ...

e | kept trying to find good inferential strategies for estimating the parameters of some
skew-symmetric statistical model

e | ignored the other result in Adelchi’s paper!

Scand J Statist 12 A class of distributions which includes the normal ones 177

An analogous fact is true if @ priori W has probability density function in ¢

P, s, 1, §)=o(%)“’{‘(%)+5}/ {Az ‘D(TliT))} ®

which is a proper density function because of lemma 2. Then, some simple algebra shows that

the a posteriori density function of W given that Y=y is still of type (9) with (A, A;, 4, &)

replaced by
y/o*+hi/A3
1o +1/4°

(1/0*+1/23)71%,

A

AMA+R3/0N)2, E+(y—di) pErvry

1Azzalini, A. (1985). A class of distributions which includes the normal ones. Scandinavian journal of statistics,
171-178.



SUN class as a conjugate prior

e Durante (2019) discovered a central role of the SUN density in Bayesian probit models.

e The result has been generalised in many directions by Daniele and his collaborators

Starting from a normal prior for the coefficients 3 ~ N,(&,2), the posterior for 3 after
producing a probit likelihood, belongs to the SUN family

Bly, X ~ SUN, , (§*,Q", A", 7%,T™)
Our Starting Point

e Is it possible to have a manageable posterior in the logit and (maybe ...) other cases?
(Onorati and Liseo, 2025)

e Can we go beyond a parametric approach? (work in progress)



Ingredients:

o The Unified Skew Normal (SUN) class of densities
¢ Scale mixtures of Gaussian random variables

o Kolmogorov distribution



The Unified Skew-Normal density has been introduced by Arellano-Valle and Azzalini (2006).

It has several representations: we see it as a multivariate Gaussian with a latent selection
mechanism. We say § is a d-dimensional SUN random vector, i.e. 8 ~ SUN, (£, Q, A, 7,T) if

B =¢+diag}(Q)Z | U+ 1> 0

NNp+m< )’

EeRP 7 € R™T is a m-correlation matrix, {2 is a p-covariance matrix, A is p X m matrix and
Q= diag_%(Q) Qdiag_%(Q).

with _
Q A
A

z Op

Om

)

When m =1 and 7 = 0, it is the standard Skew-Normal density.



SUN Family and Probit Model

Durante (2019) discovered a central role of the SUN density in Bayesian probit models.

Starting from a SUN prior for the coefficients 5 ~ SUN,, ,, (£,Q, A, 7,T) in a probit model, the
resulting posterior still belongs to the SUN family.

BlY =y ~ SUNp min (& QA% 77,T7)
Remarks:

e The previous stochastic representation can be suitably used for exact posterior sampling
e The algorithm is particularly efficient if m+ n < 100 or p >> m + n (Botev, 2017)

e A normal prior is a special case of the SUN distribution. Then, starting from a Gaussian
prior, the resulting posterior is SUN



A Different Representation

We start from a different representation of a SUN distribution
B=¢+diag?(Q)Z| T < AZ +b, (1)
with A € R™P b e R™.
Thisway, T 1L Z and T ~ N,,(0,0©), with
© =diag™? ([ — A'Q71A) (T — A'Q7'A) diag™? (T — A'Q7'A) |
A=diag™2 (T — A'Q7'A) A'Q!
b=diag~? (T — A'Q7'A) 7,

[N

9

and we denote 3 ~ SUN} (0, A, b,,9Q).



Extending the SUN Family

e We construct a larger class of densities, the perturbed SUN (pSUN) by replacing ¢ and &
with scale mixtures of Gaussian densities.

e This is done to find a more general conjugacy in the Bayesian analysis of binary regression
models.

Assume that
Z|W ~ Ny(0p, Qw), T|V ~ Nin(Om, ©v),
with
Qw = diag%(W) Qdiag%(W) , Oy = diag%(V) @diag%(V)
Ve Qu() AL W~ Qu()

The pSUN class is defined as the expression (1) with the above assumptions on Z and T.
Then,

PSUN,J,m (QVa ev Aa ba QWa 57 Q) .



The Density of a pSUN

Let 5 s pSUNp)m (QV7 97A> b7 QW7 975) Then

®o,0, (Adiag (Q)(8 - €) + b)
WQV,@,A,QW,Q(b)

f8(8) = va,qu (B — ) : (2)

with
P

era(e) = [ TT (W ?) o (ding™ (W) u) dQ).

x.0(u) = / o5 (diag™3 (W) u) dQ(W),
RP
and
Vo, eaqmalb) =P(T —AZ <b),
K q)eva(’) U Z~ q)f_z,Qw(')'
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Some pS den

Logit: top: N(0,1); V ~ LK(-); W =1,A=3,b=0V ~LK(:); W=1,A=15b=0
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Probit: bottom: N(0,1); V=W =1,A=3,b=0V =W =1,A=15,b=0 11



Some pS den

top: Lapl(0,1) ; V ~ LK(-); W ~ Exp(0.5),A=3,b=0; V ~ LK(-); W ~ Exp(0.5),A=15,b=0
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bottom: Lapl(0,1) V =1, W ~ Exp(0.5),A=3,b=0; V=1, W ~ Exp(0.5),A=15b=0
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Linear Symmetric Binary Regression Model

Consider a general version of the model as

Y:|pi = Be(pi),Vi=1,2,....,n; p;i= /\(77(X,-)) ,
e A:R — [0,1] is the link function,
e 7)(-) is a calibration function,
e X; € RP is the i-th row of the design matrix X.
Typically, A(+) is a scalar CDF, symmetric about 0, and 7)(x) takes the simple linear form, x’3;
call it a linear symmetric binary regression model (LSBR).

Set An(y) = [17-; A(yi) and B, = [2diag(y) — I,] for y € {0,1}", the likelihood function of a
LSBR is
L(Biy) = N(By XB).

13



Conjugacy for Linear Symmetric Binary Regression (LSBR)

Proposition 1

Consider a Bayesian LSBR model and assume
B ~ pSUNpJn(QVy @, A7 b; QW7 57 Q)
If the link function is of the form N(x) = fo (%) dQy,(v),

B'Y =y~ pSUNp,m+n (Q\’}’ e*aA*v b*a QWvng) )

with
A Omxp L

VAT = 1 ;
Onxp ByXdiag 2(Q)

oF — [ ©  Omxn

On><m In

B,X¢|’
and Qy ([x1,%]") = Qv(x1) [T, Quy(x2,i)

14



Bayesian Logistic Regression

e Logistic regression is a special case of LSBR

e The logistic CDF admits a representation in terms of a scale mixture of Gaussian
distributions; see Andrews and Mallows (1974) and Stefanski (1991).

In fact,
Ti|Vi ~ N(0,4V?) and V; ~ Kolmogorov = T; ~ Logis(0, 1)

that is

exp(—t)

fri(t) = — 2
®) (1 + exp(—t))

, teR.

15



Kolmogorov’s Distribution

We use the logistic Kolmogorov distribution:
V= 4\7,-2 , \7, ~ Kolmogorov

denoted by V; ~ LK(-); the density is fy,(v) = gkoi(+/v/2)/(44/v), and

\/ﬂf(@k—l)%z _1) exp (—M> 0<x<x

X2 4x? 8x2
k=1
CIKoI(X) = Aeg ’
8x Z:(—l)k_lk2 exp (—2k2x2) , X > X0
k=1

We set xg = 1.207 and truncate the series at 15-th term. This way the error is always less than
2.23 x 1073%; see Onorati and Liseo (2022) for details.

16



Computation

In order to perform posterior computation, we use two different strategies provided by the
stochastic representation of a pSUN distribution:

e Gibbs sampler when the prior is a scale mixture of Gaussian densities
(Skip this part)

e importance sampling when the prior is Gaussian

17



Gibbs Sampler: Some Remarks (1)

e Holmes and Held (2006) have already used a very similar representation within a
data-augmentation Gibbs algorithm for several models including logistic regression.

e Our approach and the one in Holmes and Held (2006) share some characteristics in the
binary logistic case although we introduced improvements in terms of speed and mixing.
e We do: V,W|T,Z and then T,Z|V, W
Holmes and Held (2006) did: V, W|T, Z; then T — AZ|Z,V, W and then
Z|T-AZ,V,W
in both cases, 3 = ¢ + diag/?(Q)Z.

18



Gibbs Sampler: Some Remarks (I1)

e One must be able to sample from the full conditional distributions of V' and W.

o W: this is relatively simple when pg(-) either has an elliptical structure or it has
independent components. For example, the symmetric GH Barndorff-Nielsen (1977) class
of priors satisfies the elliptical constraint and corresponds to m = 0. Instead, m=1 =
new skew version of the GH family.

e V: the first m component depend on the prior.

19



Gibbs Sampler: Some Remarks (I11)

The hard step is “how to sample” from V;|T;,i=m+1,m+2,...,m+ n because they
depend on the link function. Focus on the last n components of V/|T:

e They are always independent on the first m components of V|T and they are also
mutually independent.

e They depend on the specific link, and in the logistic case, they are the posterior density of
a logistic Kolmogorov.

e We adopt an acceptance-rejection algorithm, with a calibrated inverse gamma proposal.

20



Gibbs Sampler: Some Remarks (1V)

Here

o V ~ Inv.Gamma(a, 72/2) and T|V = v ~ N(0, V).
o V|T=t~ Inv.Gamma(a +1/2, (7% + t2)/2) (the proposal density).

_ 2a+1

(2a2+1) t2 >
f=(t) = —=—= 1+ — Student-t density).
0= (1) )

21



Gibbs Sampler: Some Remarks (V)

Proposition 2

Let Vi ~ LK(-), Ti|Vi ~ N(0, V;), V ~ Inv.Gamma(a, 72/2) and T|V ~ N(0, V), set oo > 3/2. Then
the ratio fy,(v|T; = t)/fy(v|T = t) is bounded above by

« f7(t)

Y@ 2

with M* = max( max d1(v), max 52(v)), v* € (1/2,187%/11),

o<v<v*

V2715l (@) 02

{&m] _ e Y if 0<v<v
52(v) M) st 2 v . ) ,
(w2 /2)e Ve (E - 5) if v>v

_ *
arg  max, h(v)=v",

+a+ V(14 a)? —n? if a>wr—1
arg max d2(v) = :
v>v* V' otherwise 2



Gibbs Sampler: Some Remarks (VI)

Indeed, it is possible to show that the MGF and expected value of the posterior logistic
Kolmogorov are respectively

oo exp (_MM)
t) =E(e?V|Ti = t) = el (1 + 7)Y "(-1)**14? 7
k=1 VK2 —2u

E(Vi|Ti=1t)=(1+e7t (|t\ + (14 elthylog(1 + e*'”)) .

My, (u| T;

Thus we set

:71 1+72 i to match expected val bet G t and |
® (v 0 match expected values between target and proposal.
2 E)(\/,-| T; = t) &

o v* =1.9834.
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The case of a Gaussian prior (I)

A special, although important, case is when the prior is 5 ~ N(&, ). In this case

W;=1, i=12,...,p.
if one set V' to some specific value, say V*, then the posterior reduces to a SUN density.

Our strategy is to adopt a importance sampling approach in order to completely avoid the
use of an MCMC scheme.

The importance density is based on an Inverse Gamma (v/2,v/2) mixture of SUN
distributions that we call Unified Skew-t (SUT).

The SUT density is obtained by fixing V; = V* (i = 1,...,n) at a specific value and
translated by an amount &; .2

2For some values of the parameters, it belongs to the SUT family as densities as defined in Jamalizadeh and
Balakrishnan (2010).

24



The case of a Gaussian prior (1)

The performance of the method heavily depends on an accurate choice of (v, V*, £*).

We set v to a large value and £* to match the modes of the posterior density and the
importance density.

For V*, we have tested two methods:
1. The simplest: Take V* = E(V) = 72/3. 3

2. More efficient: V* is optimally chosen by taking V* = E(V/|8 = Bumap) that is easy to
compute using the close formula for E(V;| T;).

31t is the o2 value that minimises the Kullback-Leibler (KL) divergence of a centered Gaussian from a standard
logistic density.

25



The case of a Gaussian prior (I11)

Proposition 3

In an LSBR model, if the posterior distribution is a pSUN,, ,(Qv, I, A, b,I{,,>1,},§,Q) and a
SUT, n(Vn, In, diagfé(VﬁX)A, diagfé(VﬁX)b, &*,Q) is used as the importance density, then the
importance weights are bounded above for every choice of £*, v, < 400, Vsy, and for every

sample size n.

This is sufficient to prove that the importance sampling estimator for computing the
normalising constant of the posterior has finite variance.

26



Prior Distributions for Logit Model

We have adopted a pSUN prior with weakly informative values of the hyperparameters in the
spirit of Gelman et al. (2008).

We set m = 0,& = 0, and a diagonal matrix for 2. We consider three different priors:
Gaussian, Laplace with independent components (Laplacit), and a Dirichlet-Laplace prior.

The diagonal components of 2 for the Gaussian prior are obtained by multiplying the ones of
Durante (2019) by 72/3, i.e. the mean of a logistic Kolmogorov distribution.

In the other cases, we have set the scaling parameters in order to have roughly the same prior
credible interval at level 95% of the Gaussian case, thus

Gaussian:  wy1 =+ = wpp = 52.6379;
Laplacit:  wy1 =+ = wpp = 22.5314;
Dirichlet-Laplace: wi1 ="+ =wp = 9.0984.

27



Polya-Gamma vs pSUN with Small Sample Size (1)

e We evaluate the performance of Polya-Gamma (PG) Gibbs sampler, Ultimate
Polya-Gamma (UPG) Gibbs sampler (Zens et al., 2023), pSUN Gibbs sampler, and pSUN
importance sampling.

e We set the sample size n = 50, the number of parameters p = 500, the number of draws
from the posterior N = 10* (N = 10° for the case of Dirichlet-Laplace prior); we then
iterate the entire simulation G = 2400 times.

28



Polya-Gamma vs pSUN with Small Sample Size (Il)

We keep fixed the true parameter vector 3 at the following values:

ﬁl A"'(0.50) =0, Bl ..., Bls = N"1(0.05) = —2.9444 ,
B, ..., Bl = A1(0.10) = —2.1972, BL., ..., Blhe =A"1(0.20) = —1.3863,
Blyry ..., Ble = A1(0.30) = —0.8473,  Bi.,,...,BLs = A"1(0.40) = —0.4055,
Blyrs .- ., Bl = N"1(0.60) = 0.4055, Bl ..., Bhe = A"1(0.70) = 0.8473,
Blyry - ., Ble = N1(0.80) = 1.3863, Bl ... Bhe = A71(0.90) = 2.1972,
Blyrs ., Blsy = N"1(0.95) = 2.9444, Blsgs -+ Bl = A"1(0.50) = 0,

where A(+) is the CDF of the standard logistic distribution.

29



Polya-Gamma vs pSUN with Small Sample Size (l11)

We run the following simulation scheme

set Xii=1,i=1,2,...,n
forg=1,2,...,G
o sample X; ~ N(0,1),i=1,2,...,n,j=2,3,...,p

e center and scale each column of X, except the first, in order to

have a standard deviation equal to 0.5
o sample Y; ' Be(/\(X,—’ BT)) ,i=1,2,....n
e draw N values from the posterior distribution of 3

—> compute (E(/B\Y) = BT), ESS, ACF (only for MCMC) and get
the computational time

30



Polya-Gamma vs pSUN with Small Sample Size: ESS per second

Polya-Gamma vs pSUN: Gaussian Prior. Mean of ESS per second for the Different Groups of 3

Gaussian UPG PG pSUN-Gibbs pSUN-IS

Intercept 0.42 1.51 44.34 37441
B =A"%(0.05) | 10.57 19.29 44.32 374.41
B =A"'0.10) | 10.55 19.26 44.32 374.41
B =A"1(0.20) | 1053 19.28 44.31 374.41
B =A"1(0.30) | 1052 19.25 44.31 374.41
B =A"1(0.40) | 1056 19.27 44.32 374.41
B =A"'(0.50) | 10.55 19.27 44.32 374.41
B =A"'(0.60) | 10.53 19.26 44.32 374.41
B =A"'(0.70) | 1056 19.28 44.32 374.41
B =NA"'(0.80) | 10.55 19.25 44.32 374.41
B =ANA"'(0.90) | 10.54 19.27 44.31 374.41
B =NA"10.95) | 1059 19.25 44.33 374.41
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Polya-Gamma vs pSUN with Small Sample Size: ESS per second

Polya-Gamma vs pSUN: Mean of ESS Per Second with Laplacit (Left) and Dirichlet-Laplace
(Right) Priors for the Different Groups of /3

Laplacit UPG PG pSUN-Gibbs Dirichlet-Laplace | UPG PG pSUN-Gibbs

Intercept 0.36 1.30 24.80 Intercept 0.78 1.95 11.12
B =A"1(0.05) | 7.30 13.89 26.15 B = A~1(0.05) 046 1.23 7.83
f=A"10.10) | 7.34 13.97 26.35 B =A"1(0.10) 0.48 1.27 8.06
B =A"1(0.20) | 7.34 14.06 26.52 B =A"1(0.20) | 048 1.29 8.21
B =A"1(0.30) | 7.38 14.09 26.58 B = A~1(0.30) 049 131 8.28
B =A"1(0.40) | 7.35 14.08 26.60 B = A—1(0.40) 049 131 8.32
B=ANA"1(0.50) | 7.39 14.10 26.64 B=A"1050) | 049 1.32 8.33
B =A"1(0.60) | 7.38 14.10 26.61 B = A"1(0.60) 0.49 1.32 8.34
B =A"10.70) | 7.39 14.09 26.58 B = A~1(0.70) 049 131 8.31
B=ANA"1(0.80) | 7.36 14.04 26.50 B =A"1(0.80) | 049 130 8.24
B =A"10.90) | 7.34 13.97 26.36 B = A"1(0.90) 0.47 127 8.05
B=ANA"1(0.95) | 7.32 13.86 26.12 B =A"1095) | 046 1.24 7.87
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Polya-Gamma vs pSUN with Small Sample Size: MSE

However, the Dirichlet-Laplace prior typically shows a better MSE
Polya-Gamma vs pSUN: MSE for the Different Groups of S and Priors with pSUN approaches

pSUN-Gibbs pSUN-IS

Gaussian Laplacit Dirichlet-Laplace | Gaussian
Intercept 13.38 8.34 0.41 13.21
B = A"1(0.05) 7.43 7.40 8.82 7.42
B =NA"1(0.10) 5.47 5.24 5.25 5.45
B =A"1(0.20) 4.05 3.65 2.69 4.02
B = NA"1(0.30) 3.43 2.99 1.55 3.40
B = A"1(0.40) 3.15 2.71 1.07 3.12
8 =A"1(0.50) 3.08 2.59 0.92 3.05
B = A"1(0.60) 3.12 2.70 1.12 3.09
B =NA"1(0.70) 3.47 3.00 1.65 3.43
B = A"1(0.80) 4.03 3.66 2.66 4.00
B = A"1(0.90) 5.48 5.25 5.24 5.46

B =NA"1(0.95) 7.44 7.34 8.52 7.43 .



Cancer SAGE Example (1)

(Skip this)
Discussed in Durante (2019) a p > n case: n = 74 observations with 516 covariates.

Of interest: to quantify the effects of gene expressions on the probability of a cancerous tissue
and to predict the status of new tissues as a function of the gene expression.
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Cancer SAGE Example (I1)

Regarding the effective sample size per second, the results essentially confirm the findings of
the simulation study.

Cancer SAGE Example: Summaries of Effective Sample Size Per Second for the Different Priors of 8
and Algorithms

Algorithm Prior Min Ist Qu. Median Mean 3rd Qu. Max
UPG Gaussian 0.21 1.75 2.55 3.13 3.90 16.55
PG Gaussian 1.12 12.46 14.40 14.93 16.83 30.12
pSUN-Gibbs Gaussian 29.67 30.91 30.91 30.90 30.91 33.26
pSUN-IS Gaussian 209.81 209.81 209.81 209.81 209.81 209.81
' upe Laplacit | 008 135 187 226 276 996 |
PG Laplacit 0.43 8.21 9.62 9.92 11.42 20.40
pSUN-Gibbs Laplacit 9.36 18.83 20.83 20.05 22.04 23.28
| UPG  Dirichlet-Laplace | 003 019 038 047 069 213 |
PG Dirichlet-Laplace 0.06 0.46 0.99 1.24 1.86 5.57
pSUN-Gibbs  Dirichlet-Laplace 0.08 0.67 1.13 1.21 1.71 2.70

&3



Cancer SAGE Example (111)

Posterior means for different priors: Gaussian (Left), Laplace (Center), and Dirichlet-Laplace (Right)
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Lung Cancer Example (1)

Discussed in Hong and Yang (1991), n = 32 observations with p = 55 covariates.

Of interest: variable selection and link comparison (logit vs. probit).
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Lung Cancer Example (1)

We computed — both in the logit and the probit cases — the median probability model, that is,
the subset of covariates such that their posterior inclusion probability is larger than 0.5.
(Barbieri and Berger, 2004)

The final models are

e logit model with 38 variables
e probit model with 29 variables

e 18 covariates are common to both median models

An interesting by-product of our approach is that one can also make a model comparison
between logit and probit links.
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Variable Selection

We assumed a uniform prior over the set of models and compatible Gaussian priors within each
model, both in the logit and in the probit cases.

We use a Gibbs variable selection algorithm to obtain a posterior sample from the space of all
possible subsets of covariates.

The Bayes factor of the median logit model vs. the median probit one is

3.72 x 1078
BF p=>-" "~ - =11.38.
bP T 327 %1079 %
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A Nonparametric Approach

We have only considered the standard linear calibration function 7(x) = x’3. In some cases, in

the presence of many observations and/or many covariates, this assumption might be too
restrictive.

What happens if we assume a nonparametric calibration function? The new model is then a
Nonparametric Symmetric Binary Regression (NSBR) model.

However, we cannot use the pSUN theory in a nonparametric framework, because of its lack of
closeness w.r.t. to conditioning, marginalisation and affine transformations.
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The qSUN Family of Distributions

A random vector 1) has a Quasi SUN (qSUN) distribution, denoted
n~ qSUNd7m(QVa ea \Uv Aa ba 57 Q)
if the following stochastic representation holds
n =&+ diag?(Q)Z|T +S < AZ + b,
T| V ~ Ny(0,0v),
Nm(0,V),
V4 ~Nd(0 Q),
V ~ Q\/() )

where ©y = diag?/?(V) ©diag!/?(V), © is a correlation matrix, W is a generic positive
semi-definite matrix, and all variables are mutually independent, excluding, of course, V and T.

Remark: W;'s all equal to 1.
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qSUN PDF and MGF

Set TQV’@}w(b) = P(T +S5< b), T~®qg,0 1L S~ Nm(Om,\U).
If n~ qSUNd’m(Q\/, O,V A b,¢, Q) then

Tay 0w (Adiag™*(Q)(n — &) + b)
Tq,.0,vta0a (D)
Tov.0urann (AQdiag% (Q)u + b)
TQV,@,\U+A§_2A’(b)

pr(n) = pa(n —§)

)

M (u) = e w6+ ')
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Comparisons

1. SUN:
B =¢+diag?(Q)Z| T < AZ + b, with A€ R™*P b e R™.
2. pSUN: Assume that Z|W ~ N,(0,,Qw), T|V ~ Nip(Om, ©v) with
V~Qu() 1L W~ Quw()

The pSUN class is defined as the expression above with the new assumptions on Z and T.
Then,
pSUNp,m (QV7 97 A, b, QW? & Q)

3. ¢SUN:
n=¢+diag?(Q)Z|T+S < AZ+b,
T|V ~ Np(0,0v), S ~ Np(0,¥), Z ~ Ng(0,Q),V ~ Qu(-),

and all variables are mutually independent, except for V and T. W;'s are all equal to 1.
44



Closure Properties

Using the moment generating function of a qSUN distribution, it is possible to show that if
& )

7
= [h] ~ qSUN 4 m <Qv,@,w, [Al Az] b, L’Z

72

Q1 Qo
' Qllyz Q2,2

then

o m1 ~qSUNy .(Qv,©,03, A%, b,&,Q11),
> 771|772 =X qSUNdlym(QVa ea W7A7 b7€7Q)r
o let p € R® and P € Re*(A+%) thus p+ Py ~ qSUN; (Qv,©,Vp, Ap, b,&p p, QUp).

Remark: Taking only the W;'s all equal to 1 would be enough for conditioning but not for
marginalisation.
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qSUN Process

Recall:

n=¢+diag?(QZ|T+S<AZ+b,
Set R=AZ — S, then

R|T +S < AZ+ b~ qSUN,, n(Qv,©,0mxm, diag?(C), b,0m, C) with C = AQA" + V.

We construct the gSUN process assuming that this variable R is common to all the variables in
the process.

The qSUN distribution is not identifiable without a restriction on Qv .
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The qSUN Process

We say n(x) for x € RP is a qSUN process if
n(x) = m(x) + Vk(x, x){(x) | T < R+ b
T|V ~ Nn(0,0v), V ~ Quv(-),
R~ Ny(0m, C),
¢(x) ~ GP(0, k(x,x")),
v(x) = COV(R ¢(x ))
) =

k(x, x")/\/k(x, x)k(x", x") .

We denote 7n(x) ~ qSUNpro,,(Qv, ©, C, b, v(x), m(x), k(x, x")).

The functions v(-), k(-,-), and the matrix C must satisfy that

C v(X)
V(X)) k(X,X)

k(x, X’

is positive semi-definite VX € RI*P

This is an extension of the Skew-GP process of Benavoli et al. (2020) to include the logit case. 47



Distribution of Every Finite Collection of Points

The following Proposition shows that every finite collection of points from a qSUN process
follows a qSUN distribution.

Proposition 4
If n(x) ~ qSUNpro,,(Qv, ©, C, b, v(x), m(x), k(x,x")), then VX € R¥*P the following holds

77(X) ~ qSUNd,m(QV7 o, W(X)7A(X)7 b, m(X)7 k(XvX)) )

where
V(X)) = C—v(X)k71(X, X))V (X), AX) = v(X)k (X, X)
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Conditional Process

The process is also closed under conditioning.

Proposition 5
If n(x) ~ qSUNpro,,(Qv, ©, C, b,v(x), m(x), k(x,x")), then

n(x)[n(Xy) ~ aSUNpro,,(Qv, ©, C*, b*, v*(x), m*(x), k*(x,x")) , ¥ Xy € Rh*P
where

C*=C- U(XH)/;il(XH, XH)V/(XH) ,
b* = b+ v(Xu) k™ (X, Xn)diag ™2 (k(Xu, Xu)) (n(Xi) — m(Xn)) ,

00 = 1 (100 = PR X XK 3))
() = m() -+ Kt XDk (X, Xi) (1(X3) — (X))

k*(x,x") = k(x,x") — k(x, Xp )k~ (Xpg, Xpg ) k(Xnr, X) - 4o



Sum of q i.i.d. gSUN Processes

The sum of g i.i.d. gSUN processes is still a gSUN process.
Proposition 6

In(x) = z ni(x) and 7;(x) "X

~ qSUNpI‘Omi(Q\/,., ©;, G, b, vi(x), mi(x), ki(x,x")), then

n(x) ~ qSUNpro,,(Qv, ©, C, b, v(x), m(x), k(x,x")),

where
=" mi, mix) = 3 mix), kGxox) = 3 ki x), Quiv) = [] Qulw),
©1 G 1 kl(XaX)Vl(X)
O = , C= ,v(x) = "
o, c, ) | e xwa(x)
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Admissible Forms for C,v(x) depending on k(x,x") (1)

Case 1: Take R=A((Xy) — S, S ~ Np(0p, W) L ((x) with Xy € R?>P.

In this case, it is easy to show that:

C =V + Ak(Xp, Xu)A", v(x) = Ak(Xn, x)
U(XH) ~ qSUNh,m(QVa ea W, A, b, m(XH)a k(XHv XH)) )

but using Proposition 5 is simple to see that

n(x)In(Xu) ~ GP(m*(x), k*(x,x')) .

To avoid a conditional Gaussian process, we combine Case 1 and Proposition 6 in Case 2.
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Admissible Forms for C,v(x) depending on k(x,x") (Il)

Case 2: Take n(x) = Z ni(x), mi(x) e qSUNpro,, (Qv;, ©i, Ci, vi(x), mi(x), ki(x, x’)), and
C —W +Ak(XH,XH)A:, ( )ZA,‘/((XH,.,X).
Using Proposition 6 is easy to show that

77(X) ~ qSUNprOm(QVa ev Ca bv V(X)v m(X)a k(X7X/)) s

where il il , il , q
m = Zmiv m(X) = Zm;(x), k(X,X ) = Zk,‘(X,X )7 QV(V) = H QVi(Vi)>
=il =il =L =il
©1 vy + AI%I(XHNXHl)AIl
0= = . .
@q \Uq +Aq/;1(XHq7XHq)A:7

1 \/ kl(X,X)All?(XHl,X)
- Vk(xx) R Ak (X, x)
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The new process 7)(x) is essentially a Gaussian process perturbed in h points, say Xy, through
m Gaussian latent variables.

Due to the perturbation, the ¢SUN process is not stationary even using a stationary covariance
function k(x,x").
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Conjugacy for Nonparametric Symmetric Binary Regression (NSBR)

Proposition 7

In a Bayesian NSBR model, if n(x) ~ qSUNpro,,(Qv,©,V, C, b, v(x), m(x), k(x,x")) and the
link function is of the form N(x) = [~ ® (%) dQv,(v), then the following holds:

n(x)|Y =y ~ qSUNpro,, ., (Qy, 0%, C*, b*,v*(x), m(x), k(x,x)) ,
where

Q*([vval) = Qv(v) [ [ Quo(va.i)

i=1

o | © Omxn| ~e_ C v(X)diag ™2 (k(X, X)) B,
T Om [T | Bydiag? (k(X, X))V/(X) By, k(X,X)B, ’
- 2y; —1
sl ® 1 e v(x) s |
~|B,m(X)|’ ~ | B,diag? (k(X, X))k(X,x)| "

2y, —1
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Posterior Computation

The stochastic representation of a qSUN process allows the use of popular algorithms:

o VICMC: generalised elliptical slice sampling to improve the mixing of the popular elliptical
slice sampling (Murray et al., 2009).

e EP: quasi-Monte Carlo algorithm for performing the Expectation-Propagation method.

e \/B: with a further constraint in the mean field*, the update in the CAVI algorithm is

available in closed form.

4independence among the R;'s
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Conclusions

Binary regression is one of the most popular tools in applied statistics. The availability of a
posterior sampler is important for producing accurate and ready-to-use summaries.

1. We have proposed an algorithm which — in the special logit regression case with a
Gaussian prior — produces a weighted posterior sample of independent draws.
This allows easy computation of posterior summaries, including the normalizing constant,
crucial to perform model selection.

2. When both the link function and the prior are scale mixtures of Gaussian densities, the
method uses a Gibbs approach with a uniformly better mixing than competitive
algorithms, with a dramatic difference in the p > n case

3. Our approach can be extended to cover the case of a nonlinear predictor, through the
definition of a quasi-SUN process (work in progress, almost finished).
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The Density Function and Moment Generating Function of SUN

The density function of a SUN vector includes the computation of two CDFs of a multivariate
Gaussian density

Or_pgo1a (T + A'Q diag "2 (Q)(5 - €))
r(7)

f3(8) = va(B —¢€)

It is also available the moment generating function

s uy2 (T + Aldiag? (Q)u)

Mp(u) = E(e”) = e e
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The MGF of a pSUN

Assume Mz(u) (MGF of Z) exists. Then, the MGF of § is

\T’Qv,e,A,QW,Q (b, diag%(Q)u>

va,@,A,QW,Q(b)

My (u) = &M (diag? (Q)u) :
with

\AI}QW@,A,b,QW,Q (b7 k) = P(T = AZ( < b)

T ~®g o, () L Zk, and Zj is the k-tilted distribution Siegmund (1976) of Z ~ &g . (*)
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pSUN: Conditional and Marginal (1)

Consider the following partition:

n= |:'71 S Rd1+d2 B
2
M &1 o[ Q1 Z ‘ Z
= + diag? ’ ’ T<|A A +b|,
[”72] & 2 < 9,1,2 92,2‘| > [ZQ |: ! 2:| Z>

1
diag? (W) 04, %o =
71, Zo| Wy, Wy ~ N, O o, ixd | G
1 2| 1 2 di+do ( di+d> [ OdZXdl dlag%(W2)

diag? (W) O xd,
. 1 )
0d2><d1 dlag2 (WQ)

[wl] ~ QWth(') .
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pSUN: Conditional and Marginal (I1)

11 |m2 = x and 7y are not pSUN random variables.
The stochastic representations of these involve random matrices depending on (W;, W5).
The idea is to set (W, W) equal to a vector of ones.

In this way we obtain a random variable that is closed under conditioning. To obtain closeness
w.r.t. marginalisation, one has to split T into two components.
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Pulsar Stars Example (1)

Pulsar Stars dataset: n = 17898 observations with p = 8 covariates.

Of interest: to distinguish whether an electromagnetic radiation comes from a pulsar star or
from another source.
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Pulsar Stars Example (1)

We adopt a 2-fold cross-validation strategy.

Performance Measurement for the Pulsar Star Dataset

Accuracy | Sensitivity | Specificity | Precision | F1 Score

First Group 0.9803 0.8688 0.9916 0.9132 0.8904
Second Group | 0.9779 0.8284 0.9929 0.9210 0.8723
Mean 0.9791 0.8486 0.9923 0.9171 0.8813
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Approximate Bayes (VB 1)

e Let m(0 | X) be the intractable posterior distribution and let g(#) be a density belonging
to Q, a general class of tractable densities. An optimal approximation §(6) € Q of the
posterior distribution is defined as

§(0) = arg ‘rlneigD(q(H),w(G | X))

e where D(+,-) is some divergence or metric over the space of probability distributions.
e An example is the Kullback-Leibler divergence of g from f:KL(f||g) = [o f(6) log % df

e Depending on the choice of D and the class Q, the problem can be computationally
feasible or not.
e Of course, the actual posterior m(6 | X) should not be included in Q, otherwise

q(0) = =(6 | X),

for almost all reasonable divergence measures D.
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Approximate Bayes (VB 2)

e As for the choice of D(,-), it would be theoretically appealing to consider metrics such as
the Hellinger distance, the total variation distance, or the Wasserstein distance.

e Unfortunately, even when we assume Q be the space of multivariate Gaussians, finding the
optimal density §(6) could be problematic.

e A basic requirement is that the optimisation procedure should not depend on the
intractable normalising constant of the posterior.

As a consequence, we only consider two divergences.

e KL[q(0) || m(6 | X)] leading to Variational Bayes methods

e Expectation Propagation methods

66



The evidence lower bound (ELBO) [1]

Define the ELBO of a density g(6) as

(6, X)
q(0)

ELBO(q(6)) = /e 4(9) log d9 = —KL(q(6)|[x(6, X))

It can be shown that
log(m(X)) = KL(q(0)]|7(0]X)) + ELBO(q(0))
Since log m(X) does not depend on 6, one obtains that
&) = evzmig faE)l= e = arpmex ELEO((E)

so the optimisation will not depend on the normalising constant!
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The evidence lower bound (ELBO) [2]

e ELBO is a lower bound of the value of log7(X) because KL > 0, which implies
ELBO(q(0)) < logm(X)

e This property has suggested using the variational bound as a model selection criterion,
assuming that the ELBO will be a good approximation of log 7(X).

e Even when an optimal distribution §(¢) can be found, there is no guarantee that the
minimised KL will be small in absolute terms.

e Essentially, it is still hard to assess the quality of the obtained approximation without
comparing it with some gold standard, such as MCMC.
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Mean-Field Approximation

The VB optimisation problem is ill-posed if we do not specify a tractable class Q.

e A convenient assumption is to restrict the focus on a class Q of mean-field
approximations, in which we assume

K

q(0) = [T a(6x)

k=1
implying that we are forcing independence among the K groups of parameters.
e Dependence is preserved within each block of parameters.

e However, g(f) is not forced to belong to any specific parametric family of distributions.
The only assumption we are making is independence among the K groups
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Mean Field limitations

e The mean-field family can capture any marginal density. However, it cannot capture the
correlation between them.

e While the variational approximation has the same mean as the original density, its
covariance structure is, by construction, decoupled.

e The marginal variances of the approximation under-represent those of the target density.
(plug-in solution)

e The KL divergence penalizes placing mass in g(-) on areas where 7(+) has little mass, but
penalizes less the reverse.
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Derivation of the CAVI algorithm [1]

Coordinate Ascent Variational Inference

Under the mean-field assumption the optimisation of the ELBO can be written as

ELBO(q /
)

Consider maximising the ELBO by taking one 6 at a time. Thus, by isolating the term q(6y),

H q(6y) log w(6, X)do — / H q(6s) log q(6,)do

k=1 © k=1

/ a(0) { / og (0,X) [ q(9h)d9(k)] dO, — / 4(04) log q(0)d0x + C

h#k

If we introduce the quantity log 7*(6k, X) = E_k(log w(6, X)) + C, and rearrange the terms,
we get

ELBO(4(8)) = [ a(61) Iogwdek + = —KL(q(8)llm * (61 X)) + CF
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Derivation of the CAVI algorithm [2]

The above expression implies that the local maximisation of ELBO(q(6)) with respect to the
k-th term of g(#) is obtained by setting

§(0k) o< exp (E_k log (6, X)), Vk=1,--- K

e In practice, the above expectation is often simple to compute, and specific kernels can
usually be recognised, as in the Gibbs sampler.

e In the CAVI algorithm, we iteratively update the quantities g(6x) using the locally
maximised terms given the others.

e By construction, CAVI produces a monotonic sequence converging to a local maximum of
ELBO.
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Comments

The CAVI is an appealing algorithm for maximising the ELBO under the mean-field

assumption. However,

e In principle, one could use any other optimiser

e The necessary computations and expectations are usually easy to perform if the full
conditional distributions belong to some exponential family.

e The algorithm stops whenever the ELBO sequence has converged.
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Expectation Propagation

Expectation propagation (EP) is an iterative algorithm in which a target density 7(0|X) is
approximated by a density g(f) from some specified parametric family

Assume that the target density 7(6)vertX) has some convenient factorization up to proportion,
(6]X) = Hwk 01X)

In Bayesian inference, one can assign, for example, factor k = 0 to the prior 7(6) and factors 1
through K as the likelihood for the data partitioned into K parts p(yx|f) that are independent
given the model parameters.

The algorithm works by iteratively approximating 7(6|X) with a density g(#) which admits the

K
0) = Hgk(9)

and using some suitable initialization for all gi(6).

same factorization
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Expectation Propagation

At each iteration of the algorithm, and for k = 0,..., K, we take the current approximating
function g(0) and replace g« () by the corresponding factor m,(6) from the target distribution.
Accordingly, one defines the cavity distribution,

g—«(0) < g(6)/8k(6),
and the tilted distribution,

8k (0) oc mi(0)g—k(0)
The algorithm proceeds by first constructing an approximation guen(6) to the tilted distribution
8;(0).
After this, an updated approximation to the target density m4(6|X) can be obtained as

8 (0) o< g"(0)/&-«(0),

and then iterate these updates.

The global approximation g(f) and the site approximations gx(6) are restricted to be in a
selected exponential family, such as the multivariate normal. 75
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