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approach is possible because our variational Bayes functional regression ap-
proach is computationally efficient. A simulation study indicates that varia-
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distribution of the model parameters. The methods apply generally, but
are motivated by a longitudinal neuroimaging study of multiple sclerosis
patients. Code used in simulations is made available as a web-supplement.

*The work of Goldsmith and Crainiceanu was supported by Award Number RO1NS060910
from the National Institute Of Neurological Disorders And Stroke. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National

Institute Of Neurological DIsorders And Stroke or the National Institutes of Health.

TThe first author would also like to acknowledge partial support from Training Grant
2T32ES012871 from the US, National Institutes of Health, National Institute of Environmental

Health Sciences.

¥The work of Wand was partially supported by Australian Research Council Discovery

Project DP110100061.
572


http://projecteuclid.org/ejs
http://dx.doi.org/10.1214/11-EJS619
mailto:jgoldsmi@jhsph.edu
mailto:Matt.Wand@uts.edu.au
mailto:ccrainic@jhsph.edu

Functional regression via variational Bayes 573

Keywords and phrases: Approximate Bayesian inference, Markov chain
Monte Carlo, penalized splines.

Received February 2011.

Contents
1 Introduction. . . . . . . . . . .. 573
2 Background . . . ... Lo 575
2.1 Variational Bayes . . . . . . . .. ... L 575
2.2 Penalized functional regression . . . . .. ... .. .. ... ... 577
3 Variational approximations for penalized functional regression . . . . . 580
4 Simulations . . . . ... 584
4.1 Cross-sectional functional regression . . . . . . .. .. ... ... 584
4.2 Longitudinal functional regression . . . . ... .. .. ... ... 587
5 Application . . . . .. 587
6 Discussion . . . . . .. Lo 590
A Derivations . . . . ... 590
A.1 Optimal densities for gand o2 . . .. ... ... ... ... ... 591
A.2 Optimal densities for b and ag ................... 592
A.3 Optimal densities for Cand A\; . . ... ... ... ... ... .. 593
A4 Optimal density for 8 . . . . . . . ... ... L. 595
A5 Optimal density for o% . . . . . . ... 595
A.6 Optimal density for o3 . . . . . . ... 596
B Expression for p(Y,W;q) . . . . . . 597
RefErences . . . . o o v v i 601

1. Introduction

Due to ever-expanding methods for the acquisition and storage of information,
functional data is often encountered in scientific applications. A common prob-
lem in the field of functional data analysis is determining the relationship be-
tween a scalar outcome Y and a densely observed functional predictor X ()
[18, 22, 9]. Increasingly, this problem is longitudinal in that both the functional
predictors and scalar outcomes are observed at several visits for each subject.
Bayesian approaches to cross-sectional and longitudinal functional regression
possess a number of advantages, including the ability to jointly model the ob-
served functions and scalar outcomes and easily constructed credible intervals
[5, 7]. However, these approaches require computationally expensive Markov
chain Monte Carlo (MCMC) simulations of joint posterior distributions. The
goal of this paper is to introduce a fast and scalable alternative to accommo-
date new types of data sets.

Variational approximations, now regularly used in computer science, are a
collection of techniques for deriving approximate solutions to inference prob-
lems [10, 11, 25]. They have a growing visibility in the statistics literature
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F1G 1. The functional predictor used in our diffusion tensor imaging application. The left and
middle panels show the functional predictors observed for individual subjects; the right panel
shows the collection of all observed functions.

[16, 19, 24]. In the Bayesian context, these methods are useful in approximat-
ing intractable posterior density functions. While this approximation sacrifices
some of MCMC’s accuracy, it provides large gains in terms of computational
feasibility, especially in large-data settings.

In this article, we derive an iterative algorithm for approximate Bayesian
inference in functional regression. Using this algorithm, inference on model pa-
rameters can be obtained several orders of magnitude faster than MCMC sam-
pling methods. Importantly, the construction of credible intervals for the func-
tional coefficient is straightforward. Moreover, this procedure retains the ability
to jointly model the predictor process and the scalar outcome. The computa-
tional advantage conveyed by the variational methods also allows resampling
techniques, such as the nonparametric bootstrap of subjects, to be used. Unlike
MCMC sampling, the variational approach cannot be made arbitrarily accurate.
However, simulations indicate that the quality of the approximation is high in
our setting. Our variational method is not designed to replace MCMC sampling,
but it is a useful additional inferential tool in that it provides near-instant and
highly accurate approximate posterior distributions. This will become increas-
ingly relevant as functional datasets become larger and more complex.

In particular, we develop variational Bayes methods for two functional regres-
sion models: the classic cross-sectional case, in which a single scalar outcome
and functional predictor are observed for each subject; and the more recent lon-
gitudinal case, in which scalar outcomes and functional predictors are observed
repeatedly for each subject. This methodology is based on a penalized approach
to functional regression that is flexible and widely applicable [6]. Although vari-
ational techniques typically incur initial algebraic and implementation costs, the
present article alleviates these considerations.

We apply the methods developed to a longitudinal neuroimaging study, in
which multiple sclerosis patients undergo both tests of cognitive ability and a
diffusion tensor imaging scan at each of several visits. From the diffusion tensor
imaging scans, we construct functional predictors that provide detailed quan-
titative information about major white matter fiber bundles (see Figure 1).
Because multiple sclerosis results in the degradation of cerebral white matter,
researchers hope to use the functional predictors and cognitive disability mea-
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sures to understand the progression of the disease. This study was previously
analyzed in [7].

In Section 2 we introduce variational Bayes and a penalized approach to
functional regression. Section 3 combines these ideas and develops a scalable
iterative algorithm for approximate Bayesian inference in functional regression.
The results of a simulation study are described in Section 4 and a real-data
analysis is performed in Section 5. We conclude the main text with a discussion
in Section 6. Appendices A and B contain algebraic derivations and expres-
sions used in the construction of the iterative algorithm. All code used in the
simulation study is available as a web-supplement to this article.

2. Background

In the following subsections we introduce variational approximations for Bayesian
inference and an approach to functional regression which uses penalized B-
splines to estimate the coefficient function.

2.1. Variational Bayes

Here we give an overview of variational Bayes; for a more complete treatment
see [19] and [3], Chapter 10.
Bayesian inference is based on the posterior density function

p(y, 0)

POl = =05

where 8 € O is the parameter vector, y is the observed data, p(y) is the marginal
likelihood of the observed data, and p(y, 0) is the joint likelihood of the data and
model parameters. The goal of the density transform approach is to approximate
the posterior density p(@|y) by a function ¢(€) for which the g-specific lower
bound on the marginal likelihood (defined below) is more tractable than the
marginal likelihood itself. The first step is to restrict ¢ to a more manageable
class of densities and choose the element of that class with minimum Kullback-
Leibler distance from p(0]y).
More concretely, let ¢ be an arbitrary density function over ©. Then

oepw) = [ o) 1og{p;ﬁ;)f) } 0. (2.1)

with equality if and only if ¢(8) = p(8]y) almost everywhere [12]. Tt follows
that p(y) > expfq(O)log{p;E’é(;)}dO; we define the g-specific lower bound on
the marginal likelihood as

p(yiq) = exp/q(O) 1og{p((;zléf)}d0. (2.2)
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It can be shown that minimizing the Kullback-Leibler distance between ¢(8)
and p(0ly) is equivalent to maximizing p(y;q). Stated generally, the following
result holds.

Result 2.1. Let w and v be continuous random wvectors with joint density

p(u,v). Then
o { o]

is achieved by q¢*(u) = p(u|v).

Next, we restrict ¢ to a class of functions for which p(y;q) is more tractable
than p(y). While several restrictions are possible, here we focus on the product
density transform: we assume that for some partition {61,...,05} of 0 it is
possible to write ¢(0) = H1L:1 qi1(0;). In the functional regression setting, the
posterior dependence of some subsets of the model parameters is weak and
the assumption that ¢ factorizes provides accurate approximate inference. In
other settings where the posterior dependence of parameters is stronger, this
assumption may lead to poor approximations and inference due to the failure
to account for correlations between model parameters. There are three simple
strategies to gain insight into what sets of parameters are a-posteriori weakly
correlated: 1) theoretical work on asymptotic posterior correlations; 2) Bayesian
inference on smaller or simpler data sets; and 3) prior experience. If posterior
correlation is potentially problematic, a more flexible component density g; that
allows for this correlation could be used; however, this must be balanced against
the simplification desired in the approximating class of functions. While none
of the approaches above is infallible, when combined with powerful variational
approximations they can provide a valuable alternative to Bayesian inference.
The methods provided in this paper are intended as a reasonable and tractable
complement of and not replacement for Bayesian computations.

Combining the assumption that ¢ factorizes over a partition of 8 with Result
2.1, we can derive explicit solutions for each factor ¢;(6;), 1 <1 < L, in terms
of the remaining factors. Solving for each factor in terms of the others leads to
an iterative algorithm for obtaining a solution for g. The explicit solution for
each ¢;(0;) is derived as follows. Assuming that ¢ is subject to the factorization
restriction, it follows that

L L

logp(y;q) = /(Hqi(ei)> <logp(y,0)—210gqi(0i)> o, ...do,
=1 =1

[0 ([ 102506 0)02(02)...40(01)d0:...a01 ) o,

— / q1(01)10g q1(01)dO, + terms not involving ¢,

Define the joint density function p(y, 01) to be

exp [logp(y,0)q2(02) - -~ qni(0ar)dOs - - - dO s

PO = T exp [0 p(y. 6)42(62) ~qar (021) 2 -~ 01} a6y
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so that
p(y, 0
logp(y;q) = /lh (01)log [M} + terms not involving g;.
- q1(01)
Then, using Result 2.1, the optimal ¢ is
ﬁ(yu 01)

q1(01) = p(O1ly) = Ti(y.01)d6;

o exp [/ logp(y,0)q2(02) ... qr(01)db ... d6L

= exp [Ee,1 log p(y, 0)]

where Eg_, logp(y, 0) is the expectation with respect to ¢2(02)...qr(01). The
same argument for [ in 1,..., L yields optimal densities satisfying

q;(6:1) o exp[Ep_ logp(y,0)] oc exp [Bp_, logp(fifrest)]  (2.3)

where rest = {y,601,...,0;-1,0;11,...,05} is the collection of all remaining
parameters and the observed data. Solving for each factor in terms of the others
leads to an iterative algorithm for obtaining a solution for ¢q. We update each
factor in turn until the change in p(y;q) is negligible.

2.2. Penalized functional regression

Next we introduce penalized approaches to cross-sectional and longitudinal func-
tional regression [5, 6, 7].

In the cross-sectional case, we observe data of the form [Y;, X;(t), z;] for sub-
jects 1 <1 < I, where Y; is a continuous outcome, X, () is a functional covariate,
and z; is a 1 X p vector of non-functional covariates. The linear functional re-
gression model is given by [4, 21]

1
Y, = ziﬁ+/0 Xi(t)y(t)dt + ¢ (2.4)

el ~ N(0,0%).
We call the parameter v(t) the coefficient function. In practice, the predictor
functions X, (t) are observed over a discrete grid, and often with error. That
is, we observe {W;(t;;) : ti; € [0,1]} for 1 < ¢ < T and 1 < j < J;, where
Wilti;) = Xi(ti;) + & (ti;) and & (t;;) ~ N(0,0%). The sampling scheme
on which the functional predictors are observed may take a variety of forms:
points may be equally or unequally spaced, sparse or dense at the subject level,
identical or different across subjects. For simplicity, we will assume that all
subjects are observed over the same grid {¢1,...,tx} and are observed at an
equal number of visits J. Extensions to different grids and different number of
visits is straightforward, but with considerable increase in notational complexity.
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To estimate the parameters in model (2.4), we use the following two-stage
procedure. First, the predictor functions X;(t) are expressed using a princi-
pal components (PC) decomposition. Second, the coefficient function () is
estimated using penalized B-splines. Smoothness of 4(t) is explicitly induced
via a mixed effects model. Specifically, let £ (s,t) be an estimator of the co-
variance operator Cov (X;(s), X;(t)) based on the available functional observa-
tions. Further, let 37 | Aptbx(s)¥x (t) be the spectral decomposition of £X (s, 1),
where A\ > \g > -+ are the non-increasing eigenvalues and (t) = {x(¢) :
ke Z +} are the corresponding orthonormal eigenfunctions. An approxima-
tion for X;(¢), based on a truncated Karhunen-Loéve expansion, is given by
Xi(t) = u(t) + ZkK:”l ciktr(t), where K, is the truncation lag, the PC loadings
Cik = fol {X;(t) — p(t)} ¥x(t)dt are uncorrelated random variables with variance
Ak, and p(t) is the mean function over all subjects and visits.

Next, we use a large cubic B-spline basis to smoothly estimate the coefficient
function 7(t) using a mixed effects model. Let ¢(t) = {¢1(t),..., oKk, (1)} be
a cubic B-spline basis of dimension K,. Then the integral in model (2.4) can
be written as fol (t)y(t)dt = a + f iy’ (H)¢(t)gdt = a + ¢, Mg where a =
fo t)dt, ¢, = [ci1, ..., cik,] is the row vector of subject i’s PC loadings,

and M is a K, x K, matrix with (k,1)" entry fo i (t) @i (t) dt. Smoothness
of 4(t) is enforced by assuming a modified first order random walk prior on
the vector g [13]. That is, we assume g; ~ N(gl_l,ag) for 2 <1 < K, and
let 7 ~ N (O, 0.0103). These are standard assumptions in Bayesian P-splines
modeling [23, 13]. Taken together, we jointly model the scalar outcome Y; and
the functional exposure X, (t) using the following model:

Y; ~ N(Ziﬁ—l—chg,O'%;) ; 0'%; ~ IG (Ay,By)

Wz(t) ~ N(/L(t)—l—c;—’l,b(t)T,Uch) N 0’3( ~ 1G (Ax,Bx)

C/Z- ~ N(O,A); A ~ IG (A)\,Bk) for1<k<K, (2.5)
g ~ N (O,UgD) ; 03 ~ 1G (A4, Byg)

B~ N(003I)

where 3 are treated as fixed parameters with diffuse priors, D is the covariance

matrix induced by the first order random walk prior, and A = diag[A1,..., Ak, ].
Inference for the functional regression model is based on the posterior density
p(gacaﬁvaiaag(aagv)\lv"'7)\K:|Y7W) (26)

where C' is the matrix of PC loadings constructed by row-stacking the c¢;,
Y = {V;}L_,, and W is the matrix of observed predictor functions constructed
by row-stacking the W;(t). Because the functional predictors X;(t) are observed
with error, this model extends Bayesian inference for measurement error re-
gression problems to the functional setting. A directed acyclic graph depicting
model (2.5) is presented in Figure 2.
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F1G 2. Directed acyclic graph corresponding to the functional regression model (2.5). Shaded
nodes correspond to observed data, and unshaded nodes to model parameters. Arrows indi-
cate conditional dependence. The nodes for Ug and b, shown as dashed lines, appear in the
longitudinal functional regression model (2.8) but not in the cross-sectional model (2.5).

In the longitudinal case, we observe data of the form [Y;;, X;;(t), z;;] for
1<i<Tand1<j<J;. Thus we observe a distinct functional predictor and
scalar outcome for each subject over several visits, and again note that in place
of the true functional predictors X;;(t) we often observe a measured-with-error
function W;;(¢). The longitudinal functional regression model is given by [7]

1
Y, = Zib"’Zij,B‘i‘/ Xz‘j(t)”Y(t)dt+53;
; (2.7)

E}; ~ N (O, 012/) ;
this differs from model (2.4) in the use of subject-specific random effects Z; to
account for correlation in the repeated outcomes at the subject level. Moreover,
longitudinal data sets tend to be much larger than cross-sectional data sets
because of the number of visits.

Given the advent of multiple observational studies collecting dense functional
data at multiple visits, the importance of longitudinal functional regression can-
not be understated. Unfortunately, with the exception of the work in [7], no other
approach can currently deal with the combination of subject-specific random ef-
fects and functional predictors necessary to capture the structure of the data.
While a wide array of functional regression methods exist, we contend that the
specific modeling choices described here made the extension not only possible,
but seamless. Estimation of the parameters in the longitudinal setting extends
naturally from the procedure outlined for the cross-sectional setting. Again, we
express the functional predictors using a PC basis and use a penalized B-spline
expansion for the coefficient function. The joint model for the outcome, Y;;, and
exposure, X;;(t), becomes
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Y ~ N(Zib—l—zi]ﬂ—i-cngg,o%,); 0%, ~1G (Ay, By)

Wij(t) ~ N(u(t) + ()", 0%1); 0% ~1G(Ax, Bx)

Cij ~ N(O,A); )\kNIG(AA,Bk) for 1 <k< K,

g ~ N (O,USD) : 03 ~1G (A4, Byg) (2:8)

b ~ N(0,02I); o} ~1G (Ay, Bp)

8 ~ N (o,ag.r)

Again, inference is based on the posterior density

p(gacaﬁubaaéua?xuaguaga)‘lv'"7)‘Km|Y7W) (29)

A directed acyclic graph of the longitudinal functional regression model appears
in Figure 2.

3. Variational approximations for penalized functional regression

We now combine the ideas introduced above to develop a scalable iterative
algorithm for approximate Bayesian inference in functional regression. We will
focus on the longitudinal functional regression model (2.8); the cross-sectional
case can be obtained as a special case by omitting the vector of subject-specific
random effects b. We pause briefly to introduce the following useful notation:
for a scalar random variables 6, let

F,[0] = / 60q(60) oy

O'q(g) = V&I‘q [9] = /(90 - E[@])Qq(GO) d90

=
=)
=
S
2
Il

be the mean and variance with respect to the ¢ distribution. For a vector pa-
rameter @, we use the analogously defined g,y and X ).

As noted, inference in the longitudinal functional regression model is based
on the posterior density (2.9). Using variational Bayes, we approximate this
posterior density using

q (gu C,,@,b, 0%’70,25(7037057 )‘17 ey )‘Kz)
= 4(9)a(C)a(B)a(b)a(0y, 0%, 05,05, A1, -+, AK,.) (3.1)

and by solving for each factor ¢(-) in terms of the remaining factors. The addi-
tional factorization

10y, 0%, 0,08, A1, Ak,) = q(0%)a(ok)a(oR)a(od) T a(M)
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follows as a consequence of (2.3) and the structure of the current model as
shown in Figure 2 [3, Sec. 10.2.5]. We take advantage of this induced factoriza-
tion in deriving optimal densities for the variance components in the penalized
functional regression model.

To provide an example of how optimal densities are constructed, we derive
the optimal densities ¢*(g) and q*(ag); derivations of these and for the other
parameters are provided in Appendix A. Recall that g ~ N (O, U;D) and 03 ~
IG (Ag, Bg). According to (2.3), the optimal densities are given by

q*(g) x exp{E_glogp(glrest)} and ¢*(02) o exp {E,gf7 10gp(o§|rest)}

where rest includes both the observed data and all parameters not currently
under consideration.

Using the full conditional distribution p(g|rest) < p(Y | 8,b,C,g,0%)p(g |
o2), the optimal density ¢*(g) is

q*(g) xexp{E_glogp(Y | B,b,C,g,0%)p(g | o;)}

1
X exp {—gEg{g ( MTctcMm + D >g
l’ g

() () o]

x  exp {—% (9 - “q(g))T Zq_(lg) (g B “q(g))}

where
—1
T —1
Soig) = {Mqu/o@)M (Bgieytacc) +1Zqc) M + fig(1/o2) D } :
T
_ T T T T T
Po) = (o) {#qu/ai,) (Y T Hyp)® T w2 )(Nq<c>M)} :

(3.2)

Thus the optimal density ¢*(g) is N(uq(g), 3 ,(g))- Similarly, the optimal density
q*(oS) is

q*(02) o exp{E_glogplg|aoz)p(os)}

1 1
.. (Ug)ng*Ky/Qfl exp {_ﬁE_US (Bg + §gTDlg> } .
g

Thus ¢* (o) is IG(Ag + Kg/2, By(,2)) where

Bq(gg) = Bg-i-%( q(g)D Mg )-i-tr (D Eq(g))) (3.3)

Note that, when q(ag) =q* (af]), the term Iq(1/02) appearing in (3.2) is equal
Ag+K,/2

2

to —%
a(og
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Thus, the optimal densities ¢*(g) and ¢* (af]) belong to parametric families
with the parameters explicitly determined by the distributions of the remaining
model parameters and the observed data. Similar derivations for the parameters
of the remaining optimal densities are derived in Appendix A. Taken together,
these solutions lead to Algorithm 1 for approximate Bayesian inference in the
functional linear regression setting.

Further, as shown in Appendix B, the g-specific lower bound on the marginal
log-likelihood has the form

1 Zqp)] 1 for
logp(Y. Wiq) = 510g< 2 _E{“q(ﬁ)“q(ﬂ)+tr (Zuio)) }
8

K
“nJ
Eq- [IOg(|2q(y)|)] + Z > log ((Eq(C))kk)
k=1

3B logl[2,00 )]~ (g + 52 ) 05 (B
= (Aot 5 ) 10w (Buy) = (v + 75 10w (B,
- (e + 25 o (B

- f) { (43 + 5 ) tor (Bya0) | + const.

where const. is an additive constant that remains unchanged in the iterations
of Algorithm 1. All parameters denoted A and B and indexed by a subscript
are hyperparameters of the inverse gamma prior distributions of the variance
components. The quantity log p(Y ', W; ¢) is typically monitored for convergence
in place of p(Y, W;q). Note that, because several substitutions are made to
simplify the expression, this form for logp(Y, W; q) is only valid at the end of
each iteration of Algorithm 1, and only if the parameters are updated in the
order given.

Finally, posterior credible intervals are readily obtained for all model param-
eters. However, variational approximations in effect fit a parametric distribution
to a mode of the posterior density, which may have consequences when the pos-
terior is multi-modal or more diffuse than the approximating parametric distri-
bution; in such cases one could expect that credible intervals from variational
Bayes and MCMC sampling may not agree. This was not a problem in our sim-
ulations, where the agreement between the approximate and MCMC-sampled
posterior distribution is high, although in our application the variational credi-
ble intervals are slightly narrower than those from MCMC sampling.
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Algorithm 1 [lterative scheme for obtaining the parameters in the optimal den-
sities in the longitudinal functional regression model (2.8).

Initialize: Bq(ag) "'Bq(cr%,) >0, pgcy) = 0, Bgg) = 0, gy = 0, gy = 1,
Ag=1.
Cycle:

—1
T 1
Eq(ﬁ) — {uq(l/ﬁi)z z+ gl}
T T T T T r
Bq(B) < Bq(8) {%(1/0%) (Y “HwZ “q(g)M“qw)) z}
—1
Zq(b) {ﬂq(l/a§,>ZTZ * “q(l/ogﬂ}

T
T T T T T
Hq(b) = Eq(v) {“q(l/o§,> (Y “Hae® T “q(g)M“qw)) Z}

-1
Zq(0) < {HQ(l/U%)M(MQ(Q)uZ}g) + B )M T + “q(l/ag()’lPqu +Aq }
T T T
Pac) < Za(0) (Nq(1/g§,)YMq(g)M
T T T T
_uQ(l/Ui)MQ(ﬁ)zuq(Q)M 'u'q(l/ai,)zu‘q(b)y‘q(g)M

T
+Nq(1/a§>W¢)
-1
Zg) {“qu/a%,)MT(“qT(c)“q(m +1Zqc))M + ﬂqu/ag)Dfl}

Pa(g) < Zq(g) {Hqu/a;) (YT —u)eE" - #qu)ZT) (Bac)M) }T
By(x,) & Ba+ 3 ((M';(C))T(M';(C)) + "(Eq(C))kk) 1<) < Ke
Byog = Bx + 3 {5 S U0V — by 8771
+nD)tr (YT 92.c)) }
Byoz) < Bo 3 (“qT(b)“q(b) +tr (Eqw)))
Byoz) < Ba+ 3 (“qT(g)D’lﬂqm) +r (Dilzq(m))
Bz« By +5 [V = 2(8) = Zb — tryic)Mig(q) > + tr (27255

T
- (%(gﬂ‘g“q(m) (Hg(q) Muy(c))
T T
Tl M (g cyHg(c) + () Bg(0)) My (g)

+tr {MT (un(C)uq(c) + (nJ)Eq(c)) qu(g)}

+tr {ZTZ% ) }]
until the increase in p(Y, W q) is negligible.
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4. Simulations

In this section we undertake simulation exercises with two goals. First, we eval-
uate our approach’s overall ability to accurately estimate all coefficients in a
functional regression model. Second, we compare the individual approximate
posterior distributions ¢*(0;) =~ p(0; | rest) to those given by Markov-chain
Monte Carlo (MCMC) sampling in order to examine the quality of the varia-
tional approximation in the functional regression setting. We conduct separate
simulations for the cross-sectional and longitudinal situations. The MCMC sam-
pling was executed in WinBUGS and the variational Bayes approach was imple-
mented in R.

4.1. Cross-sectional functional regression

We generate samples from the model

1
Y, = 514—2'1'52—!—/ Xis(t)*y(t)dt —I—E}/
0
el ~ N(0,0%). (4.1)

Here we assume I = {100, 500} subjects and generate z; ~ Unif [—5, 5]. We take
0% =5, 01 = fol wu(t)y(t)dt = 3.47, B2 = 3, and ~(t) = cos(27t).

To generate our simulated functional predictors X (¢), we use the functional
predictors X7}(t) from our scientific application in the following way. First, we
compute a functional principal components decomposition of the X7(t) with
eigenfunctions 91 (t),¥2(t), ... and corresponding eigenvalues A1, Ag, . ... Recall
that the application predictors can be approximated using XA(s) = u(t) +
ZkK:”l cik¥r(t) where p(t) is a population mean function, K, is the truncation
lag and the ¢;; are uncorrelated random variables with variance Ag. Using this,
we construct simulated regressors

Ko
X5(t) p(t) + > cantr(t) + X (t)
k=1

ci ~ N(0,diag(A1,..., A\k,)); & () ~ N (0,0%).

This parametric construction of the simulated functional predictors is related to
the application predictors through the mean function u(t), the eigenfunctions
Yy (t), and the variance components ;. As in our application, the simulated
predictors are observed on a grid of length 93.

We generate 100 such datasets for I = 100 and I = 500 and fit model
(4.1) using both MCMC simulation and the variational approximation approach.
For the MCMC simulation, we use chains of length 2500 with the first 1000
as burn-in. Representative examples of the MCMC model fits were inspected
using trace and autocorrelation plots to ensure that the posterior samples were
reasonable and that the comparison with variational Bayes was fair. To evaluate



Functional regression via variational Bayes 585

TABLE 1
Average integrated MSE for v(t) and average MSE for the non-functional covariates 1, B2
estimated using the variational approximation, taken over 100 simulated datasets. For
I =500, large outlier for the MCMC MSE were removed in the calculation of the average

y(t) B1 B2

I=100 VB .050 .071 .051
MCMC | .0564 .071 .051

I =500 VB .046 .008 .001
MCMC | .120 .008 .001

TABLE 2
The accuracy of the variational approximation to the MCMC-sampled posterior, expressed
as a percentage, for a subset of parameters in the cross-sectional functional regression
model (2.5)
Accuracy | gs g20 11 cii0 A1 Mo 0%
I =100 | 96.3 951 983 980 969 972 95.0
I =500 | 8.7 826 976 978 97.6 88.3 96.3

the ability of the proposed approach to estimate the functional coefficient v(t) we
use the mean squared error (MSE) fol (4(t) — y(t))* dt. A comparison of MSEs
for the variational approach with the more computationally intensive MCMC
sampling is given in table 1. To provide context for this table, in the left panel
of Figure 3 we plot the estimated coefficient function resulting in the median
MSE for I = 100.

Interestingly, when I = 500 the MSEs for MCMC sampling contain several
large outliers, which raises the average MSE for the coefficient function in Ta-
ble 1. Upon inspection, it was found that these large values corresponded to
model fits in which the chains for g were bimodal. A large primary mode sur-
rounded the true parameter value but a smaller, more diffuse mode corresponded
to a model overfit. We refit these models using as initial parameter values the
estimates provided by the variational approach, which caused the bimodal be-
havior to disappear and brought the MSEs (and average MSE) down to levels
similar to the remaining model fits.

We also quantify the quality of the variational approximation to the MCMC-
sampled posterior by computing the accuracy for each parameter in the model

[p(0y | rest) — q*(64)] el

using Accuracy = 1 — 0, 1]; scores near 1 indicate a high
level of agreement between the two densities. Due to the large number of param-
eters in the model, we present only a subset of the average accuracies in Table 2.
As with the MSE, context for this table in given in Figure 3. The accuracy of g
is affected by the presence of outliers, attributable to the same bimodal MCMC
samples that caused the very large MSEs appearing in Table 1.

Due to the substantial decrease in computation time using variational Bayes
over MCMC methods, we are able to construct 95% bootstrap confidence inter-
vals by sampling subjects with replacement and refitting model (4.1) using the
variational approach. While credible intervals provided by MCMC or by a single
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Fic 3. The top left panel shows the estimated coefficient function corresponding to the median
MSE = 0.049, as well as variational and MCMC 95% credible intervals (dashed lines) and
the 95% bootstrap interval (shaded region). The top-right panel displays the coverage proba-
bilities of the credible intervals over the domain of the predictor (note there is perfect overlap
of the VB and MCMC' coverage probabilities). The bottom panels show posterior densities
estimated by variational approrimations and by MCMC sampling from the same simulated
dataset (shown in dashed and solid lines, respectively), and provide the accuracy of the ap-
prozimation expressed as a percent.

variational fit are overly conservative, the bootstrap intervals are on average .46
times narrower and, averaged over the domain, have coverage probability 93.4%
for I = 100 and 93.6% for I = 500. The far right panel of Figure 3 displays
the coverage probabilities of the various credible and confidence intervals for
1 = 500.

As demonstrated in Table 2 and Figure 3, the variational approximation
performs well in this functional regression setting, both in terms of low MSEs
and of agreement the with MCMC-sample posterior density. This stems from
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TABLE 3
Average integrated MSE for v(t) and average MSE for the non-functional covariates 1, B2
estimated using the variational approximation, taken over 100 simulated datasets

| v(®) B1 B2
I =100,J=3 VB .026 .0003 .0002
MCMC | .030 .0002 .0002

the low posterior dependence between the parameters, which is assumed in the
use of the density transform approach. Additionally, the use of the bootstrap
allows the construction of confidence intervals that are not overly conservative.

Importantly, even in this simulation the computational burden is greatly re-
duced through the use of variational approximations. For I = 100, the MCMC
sampling took on average 315 seconds, while the approximation was computed
in on average 0.04 seconds (Dual Core 3.06GHz Processor; 4 GB RAM; OS X
10.6.4). For I = 500, the respective times were 1614 and 0.2 seconds. Construct-
ing the bootstrap confidence intervals, based on 400 bootstrap samples, took on
average an additional 20 and 76 seconds for I = 100 and I = 500, respectively.

4.2. Longitudinal functional regression

Next, we generate samples from the model

1

Yo = Bttt | XS +el
0

e, ~ N(0,0%). (4.2)
We take I = 100 subjects with J = 3 visits per subject; random effects b are
N (O, og) with o7 = 5. Again, we generate z; ~ Unif[—5, 5], take 03 = 5, 1 =
fol w(t)y(t)dt = 12.68, By = 3, and select y(t) = cos(2nt). The functional pre-
dictors X{? (t) are constructed as above; we take ¢;; ~ N (0,diag(A1,...,Ak,))
so that the PC loadings are not correlated within subjects.

We fit model (2.8) for 100 simulated datasets. As in the cross-sectional case,
we use chain lengths of 2500, with 1000 as burn-in, for the MCMC sampling.
In Table 3 we display the average MSE of the estimated functional and scalar
parameters and the subject-specific random effects. Again, the variational ap-
proximation performs as well as the MCMC sampling with a substantial differ-
ence in computation time: the MCMC sampling took on average 973 seconds,
while the approximation was calculated in on average .2 seconds.

5. Application

In our scientific application, we analyze the association between measures of
intracranial white matter and cognitive decline in multiple sclerosis patients.
White matter is made up of myelinated axons, the long fibers used to transmit
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electrical signals in the brain, and is organized into bundles, or tracts. Major
examples of white matter tracts are the corpus callosum, the corticospinal tracts,
and the optic radiations. Here we focus on the corpus callosum, a collection of
white-matter fibers which connects the two hemispheres of the brain.

Myelin, the fatty insulation surrounding white matter fibers, allows electrical
signals to be propagated at high speeds along white matter tracts. Multiple
sclerosis is a demyelinating autoimmune disease that causes in lesions in the
white matter. These lesions disrupt electrical signals, and, over time, result in
severe disability in affected patients. To measure cognitive disability, we use
the Paced Auditory Serial Addition Test (PASAT), which assesses auditory
processing speed and calculation ability. In this test, a proctor reads aloud a
sequence of 60 numbers at three-second intervals, while the subject provides the
sum of the previous two numbers spoken. This test has scores between 0 and
60 indicating the number of correct sums provided by the subject; the score 60
indicates the highest level of cognitive ability [8].

To quantify white matter, we use diffusion tensor imaging, a magnetic reso-
nance imaging that measures the diffusivity of water in the brain. Because white
matter is organized in bundles, water tends to diffuse anisotropically along the
tract, which makes their reconstruction from MRI possible. By measuring diffu-
sivity along several gradients, diffusion tensor imaging is able to produce detailed
images of intracranial white matter [1, 2, 14, 17]. Moreover, continuous sum-
maries of individual white matter tracts, parameterized by distance along the
tract and called tract profiles, can be constructed from diffusion tensor images.
Here we study the fractional anisotropy tract profile of the right corticospinal
tract; this gives a measure of how anisotropic diffusion is along the tract.

Our study consists of 100 multiple sclerosis patients with between two and
eight visits each; a total of 334 visits were observed. Study participants had ages
between 21 and 71 years, and 63% were women. We fit model (2.8), using age and
gender as non-functional covariates and the mean diffusivity tract profile of the
corpus callosum as a functional predictor. We include subject-specific random
intercepts to account for the repeated observations at the subject level. The
model was fit using both the variational approximation and MCMC sampling;
the results are shown in Figure 4.

Previous studies have linked damage in the corpus callosum to cognitive de-
cline as measured by PASAT and other tests [15, 20]. However, these studies
lacked the spatial information present in the functional treatment here, which
proves to be important. From the estimated coefficient function and boot-
strapped confidence intervals, we see that the region from roughly 0 to .2 is
negatively associated with the PASAT outcome — that is, subjects with above-
average mean diffusivity in these regions tend to have lower PASAT scores. A
second region, from .65 to .8, is positively associated with the outcome. We
base inference on the bootstrapped intervals due to the overly conservative cov-
erage of the MCMC and variational Bayes credible intervals; however, there
is broad agreement between all intervals regarding the location of regions of
interest. Note the interpretation of the coefficient function is marginal, rather
than conditional on a subject’s random intercept. The random intercepts are
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Fic 4. Results of fitting model (2.8) to the diffusion tensor imaging dataset. The left panel
shows the estimated coefficient function; credible intervals for both methods are shown in
dashed lines, and the nonparametrically bootstrapped interval shown in grey; the right panel
shows the random intercepts predicted by both variational Bayes and MCMC sampling.

an important component of the model: a model including only random inter-
cepts explains roughly 80% of the outcome variability, while adding functional
and nonfunctional covariates raises this to 89%. Finally, age and gender were not
found to be statistically significant, but were retained as scientifically important
covariates. Their inclusion did not meaningfully affect the shape or significance
of the functional predictor.

There is broad agreement between the variational Bayes and MCMC model
fits: the point estimates of the coefficient and the random intercepts are very
similar, and the credible intervals indicate the same regions of significance. On
the other hand, the credible interval using MCMC is wider than that using
variational Bayes. As noted above, the variational method can result in narrower
confidence intervals if the approximating density is less diffuse than the MCMC-
sampled posterior which appears to be the case here. In this application, we
posit that the lesser importance of the functional predictors in comparison to
the random intercepts leads to increased posterior variability in the estimated
functional coefficient. Indeed, when we fit a model without the random subject-
specific intercept the confidence intervals for Bayesian and variational Bayesian
approximations became indistinguishable.

Also shown in Figure 4 as a grey band is the 95% bootstrap confidence
interval, constructed by nonparametrically resampling subjects and fitting the
longitudinal functional regression model using variational Bayes. Inference for
the coefficient function is largely unchanged based on the bootstrap interval
except in the region from .2 to .4, which does not appear to be significantly
associated with the outcome. Although the credible intervals using variational
Bayes are likely too narrow, the computational gain and accurate point estimates
provided by this method allow for the construction of bootstrap confidence
intervals, which performed much better in our simulations.
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6. Discussion

The variational Bayes approach to functional regression was motivated by a
pressing need for computationally feasible Bayesian inference in a large-data
setting. We have developed iterative algorithms for approximate inference in
both the cross-sectional and longitudinal regression settings, and analyzed a lon-
gitudinal neuroimaging study. The methods developed: 1) flexibly estimate all
parameters in the cross-sectional and longitudinal functional regression models;
2) accurately approximate the posterior distributions of all model parameters;
3) retain the advantages of Bayesian inference, including the ability to jointly
model the functional predictors and scalar outcomes and easily constructed
credible bands; 4) require orders of magnitude less computational effort than
MCMC techniques; and 5) allow the construction of nonparametric bootstrap
confidence intervals, which seem to have good coverage probabilities.

A few limitations of the variational Bayes method are apparent. While our
simulations indicate that variational techniques can be used with confidence in
the functional regression setting, the approximation cannot be made more ac-
curate by increasing computation time. Additionally, the iterative algorithms
are based on involved algebraic derivations; those needed for functional regres-
sion have been carried out here, but additional work may be needed to adapt
these algorithms to specific scientific settings. Lastly, the performance of cred-
ible intervals approximated using variational Bayes may not be satisfactory if
the posterior distribution is multimodal or more diffuse than the approximating
distribution, although the use of the nonparametric bootstrap can alleviate this
issue.

Future work may proceed in several directions. The adaptation of the ap-
proach to non-Gaussian outcomes will expand the class of applications in which
variational Bayes may be used for functional regression. Very large gains in com-
putation time may be found in functional magnetic resonance imaging or other
studies where the predictors are sampled at thousands or tens of thousands of
points. More generally, variational Bayes has potential applications in several
functional data analysis topics, including function-on-function regression and
the decomposition of populations of functions.

Appendix A: Derivations

In this appendix we derive the optimal densities ¢* for approximate Bayesian
inference in the longitudinal functional regression model. For the cross-sectional
case, one may omit the random effects b. We recall that, given a partition
{01, ...,0L} of the parameter space 8, the explicit solution for ¢(6;), 1 <1 < L,
has the form

4/ (61) o exp{Ee  logp(Bfrest)}; 1 <1< L (A1)

where rest = {y,01,...,0,-1,0;41,...,01}
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A.1. Optimal densities for g and 0'3

Recall that g ~ N(O,USD) and o ~ 1G (Ag, By). According to (A.1), the
optimal densities are given by

q*(g) xexp{E_glogp(g|rest)} and g¢* (03) X exp {E_(,f7 1ogp(a§|rest)} .
The full conditional distribution p(g|rest) appearing above is given by

p(g | rest) o< p(Y | B,b,C. g, 0% )p(g | 07)

1(1
x  exp [—5 {U—2(Y —2B8—-2Zb—-CMg)" (Y — 28— Zb— CMg)
Y

1 _
+;9TD 19}:|
g
o exp{ 1{9 ( 2MTC'TC'M—E- D >
2 oy g
( —B72 ) Lem))gll.
oy
Therefore the optimal density ¢*(g) is

7" (g)
1 v 1 T ~T L
X  exp —§E_g g | M C CM+ 5D g
oy o2

(v vz (pom) el
o~ exp{—% (g - Hq(g))TE;(.L) (g N Hq(g))}

where
T/, T R
Zate) = {Mqu/az,)M (Bgoyta(c) T 1Zq)) M + Hg(1/02) D }
T
— T T T T T
Pog) = (o) {#qu/ai,) (Y ~ Mg T g2 )(%(@M)} :

(A.2)
Thus the optimal density ¢*(g) is N(p4(g), Xq(g))-

Further, the full conditional p(og|rest) is given by

2 2 2
plog [ rest) o p(g|og)p(og)

_ 1 _ A _ 1
o (03) K9/2exp{—ﬁgTD 19} x(og) Ag 1exp{—§39}
g

A _ 1 1 _
— (0_3) Ag Kg/2 1exp{_0—_g <Bg+§gTD lg)}
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so that the optimal density ¢*(og) is

1 1
Q*(gz) X exp {—(Ag +K,/2+ l)log(ag) — ;E_Ug <Bg + 5gTD—lg) } .
g

Thus ¢*(02) is 1G (Ag + K, /2, Bq((,g)) where

Byoy = By+3(nlyD 'hyg + (D' Syg))  (A3)
Note that, when ¢(02) = ¢*(03), the term I4(1/52) appearing in (A.2) is equal
to AatKo/2
(0] ﬁ
7g

A.2. Optimal densities for b and ag

Recall that b ~ N (0,021) and of ~ IG (Ap, Bp).
The full conditional distribution p(b|rest) is given by

p(b | rest) o« p(Y | B,b,C.g,0% )p(b | 0p)

1(1
x oxp |3 {U—Q(Y — 28— Zb— CMg)'(Y — 23— Zb— CMg)
L Y

1
+—2bTI_1bH

Tp

[ 1 1 1
x exp|—=3b' | ZTZ+=T1)b
2By

() ()

Therefore, by (A.1), the optimal density ¢*(b) is

7" (b)
1 1 1
X exp [——E_b {bT (—2sz+ —21> b
2 oy o,

) ((YT _gTLT gTMTCT) (%Z)) b}] :

After taking the expectation above, the optimal density ¢*(b) is N(uq(b), 3ow))
where

—1
T
Zow) = {Hqu/oa)Z Z+Hq<1/og>f}

. (A4)
_ T __, T T _ T Mu” VA
Po) = ) {“q(l/oé) (Y Ho)Z ~ Mg “q(C)) } :
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Further, the full conditional p(of|rest) is given by
plog | rest) o< p(b|op)p(op)

“n 1 A 1
x (0f) /Qexp{—FbTb} X (o)A 1exp{—pBb}
b b

1 1
= (of) M2 lexp {——2 (Bb + —bTb> }
o, 2

so that the optimal density ¢*(oF) is

1 1
q* (o) o exp {—(Ab +n/2+ 1)log(of) — ?E,Ug <Bb + EbTb) } .
b

Thus ¢*(07) is IG(Ap +n/2, By(o2)) where

Byoty = Bo+ s (mlym + 0 (Sq)) (A.5)
Note that, when g(of) = ¢*(0f), the term Iq(1/02) appearing in (A.4) is equal
to Ab+—n/2
Ba2)

A.3. Optimal densities for C' and \;

Recall that ¢;; ~ N(0,A), where A = diag(A1,..., Ak, ) and A\ ~ IG (Ay, B))
for 1 < k < K. In the following, we continue to use ¢;; as the PC loadings for
subject ¢ at visit j and C' as the matrix constructed by row-stacking the ¢;;. We
additionally use p,() ;; as the expected value of ¢;; with respect to the ¢(C)
distribution and gy ) as the matrix constructed by row-stacking the py
Finally, let Aq_1 = diag(tg(1/x)s - -+ > Hg(1/20))

The full conditional distribution p(C|rest) is given by

c),ij*

p(C | rest) < p(Y | B,b,C,g,0% )p(W | C,o%)p(C | A)

1 1 T
x exp |—=trd — (YT = 72" —p"ZT —g"M*CT
2 U%;

(YT _ 87T _pT 7T — gTMTCT) H

< exp [—%tr {ULQ (w -y’ (w - per) H

X

X exp {—%tr (CA_lCT) }

1 M TMT T
o exp l—itr {C < 992 + kd ;’b +A1> ct

Oy 0x

2 2 2 2

) YgTMT  28¢g"MT  ZbgTMT W o7
Oy Oy Oy 0x
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Therefore, by (A.1), the optimal density ¢*(C) is

7" (C)
T T T
tr{C (MQQQM +2¥ +A—1> c”
Oy Ox

T T T T T T
i <Yg M"  28g"M"  Zbg"M +W¢> CT}H

2 2 2
Oy Oy Oy Ox

1
X exp —§E_C

I J T
oC exp _% ZZ{% (Kg(e), U)T} Ez?(lm{(%)T (Kq(o), U)T}

=1 j—=1
where
—1
T T _
Suor = {atsog M bg g + Suig) M + o3 8% + A7 |
T _ T T T T
Hoc) = ) (%(Uoi)yﬂq(g)M = Hq1/0%) Py 2Py M —

T
Ha(1/03) Z (o) Mgy M + ﬂq(l/o@W‘/’) :
(A.6)
Thus the optimal density ¢*(C) is a product of Normally distributed random
vectors sharing a common covariance matrix and with means the rows of pyc)-

In the derivation of the optimal density ¢*(A\x), 1 < k < K, we let C* denote
the k" column of C and “5(0) denote the k" column of g, (c). Further, we let

(24(c))kk denote the (k, k)™ element of ¥,c). The full conditional p(Ag|rest)
is given by

P\ | rest) oc p(C* | Ae)p(Ax)

x (Ak)<”J>/2exp{— cHr(c )} X ()\k)A*lexp{—%kBA}

L
Ak
— ()\k) Ax—(nlJ)/2— 1 { (B)\ 4z (Ck)T(Ck))}
so that the optimal density ¢*(\) is
1
7O exp{ (A + (0)/2-+ Dlogh) - 3-Eos, B+ 5(C7 () }.
k
Thus ¢*(A\y) is IG (Ax + (nJ)/2, By(x,)) Where

By = Bat (o) (mhio) +n(Sae)ie) (A7)

Note that, when g(\x) = ¢*(\x), the term (k, k)" entry of A;l appearing in

. Axt(nJ)/2
(A.6) is equal to W.



Functional regression via variational Bayes 595
A.4. Optimal density for (3

Recall that 8 ~ N(0,031).
The full conditional distribution p(B|rest) is given by
p(B | rest) x p(Y | B,b,C, g, 0% )p(8B)

X exp |— (Y — 28— 2Zb—CMg)" (Y — 28— Zb—- CMy)

1 1
20%,

i)

- UIB

X exp —% {ﬁT <%sz+ %I) B

9 ((YT —pTZT gTMTCT) (izz» 5”
Oy

Therefore, by (A.1), the optimal density ¢*(3) is

—9 <(YT —pTZT gTMTCT) <%z>) BH .

After taking the expectation above, the optimal density ¢ (8) is N(p4(g), Zq())
where

q"(B) o exp l—%E_g {ﬁT <Ui2sz + iQI) G

—1
s = {M <1/a2>ZTZ+?lfI}
! oy 5 s (A8
B T T T T T
Bye) = Za@) {“q(l/vi) (Y O ‘“g(g)M“qw)) z} :

A.5. Optimal density for 03:

Recall that the functional predictors are observed over a grid of length N. The
full conditional p(c% |rest) is given by

plok | rest) o< p(W | o )p(o%k)

I 1
x HH(U?X)N/QGXP{—E(W%—Oi'l/fT)(Wi'—Oi“/’T)T}

i=1j=1

[ ronf o)

_ (0,%{)—Ax—(nJN)/2—l exp{ — (BX

2
Ox

I J
DY (Wi —Ciyp") (Wi — Cyp™)”

i=1 j=1

+

N =
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so that the optimal density ¢*(0%) is

q*(0%) exp{—(AX + (nNJ)/2+1)log(c%)
I

J
1
0% Bx +3 E —o2 Zz; i — Cijp" ) (Wi — Cyp™)T
: J:

Thus ¢*(c%) is IG(Ax + (nNJ)/2, By(o2,)) Where

I
By(o3,) —Bx+‘ SN Wi = by "I + ()t (w7 95 c))
=1 j=1
(A.9)
Note that, when ¢(c%) = ¢*(c% ), the term Iq(1/02,) @Ppearing in (A.6) is equal
Bawz)

A.6. Optimal density for o3
Finally, the full conditional p(c% |rest) is given by

p(o% | rest)
x p(Y | B,b,C,g,0%)p(0y)

o 1
x (0%) (J)/Qexp{—FHY—zB—Zb—CMm2}
Y

e 1
x(0%) 4 Lexp {—U—sz}

Y
1 1
= (02)Av—(0D/271exp {——2 <By +5llY —28-2Zb- CMg|2> }

9y

so that the optimal density ¢*(o%) is
7(3) o] (A + (u1)/2+ 1)logo})
1 1 )
—— (By + sE_,2 [|[Y — 28 - Zb—- CMyg| )
oy 2 Y

Next, we see that

2
E_oz {IIY = 211,08, = Zb = py0) M)}
= Y =240 = 2b = pyoyMpyg)lI”
+Efcr2 {(zuq - Z,B) (z/"’q 6)}

tE_o3 {(”q(C)M“q - CMg)" (/LQ(C)M“q(g) _CM9>}
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+E_ o2 {(Zﬂq(b) — Zb)" (Zpyp) — Zb)}
= Y = zuyg) — Zb — pyc) My |I* + tr (2" 23y (5))

T
- (%@M “q<c>) (%@M “q<c>)
T
g M (g Bycc) + (0T)Sq(0)) M bty(q)
—+tr {MT (N;F(C)Nq(C) + (nJ)Eq(c)) qu(g)}

+t0 {272, } . (A.10)

Thus ¢*(0%) is IG(Ay + (nJ)/2, By(s2)) where

Bq(o’%,) = BY + = |:H z“q(ﬁ) —Zb— /"’q(C)MH’q(g)HQ + tr (ZTZZq(I@))

T
- (Nq<g>M Nq<c>) (%@M Nq<c>)
T T T
oM (Byc)Hqc) T (1) Zq(0)) M By(q)

+tr {MT (un(C)uq(c) + (nJ)Eq(c)) MZq(g)} + tr {ZTZZq(b)H
(A.11)

Note that, when ¢(03,) = ¢*» (0% ), the term I4(1/02 ) appearing regularly above
Y

Ay+(nJ)/2

is equal to .
)

q(c'

Appendix B: Expression for p(Y, W;q)

In this appendix we derive an expression for the lower bound of the log like-
lihood. This quantity is use to monitor convergence in Algorithm 1, and its
derivation takes advantage of the order of updates in the algorithm to simplify
the expression.

We have that logp(Y, W;q¢*) = [q(0 log(%)e)) d@ = Eglogp(Y, W,
0) — log ¢*(0)]. Now,

Eq [logp(Y,W,0) —log ¢*(0)]

= Eq* [logp(Y | B,b,C,g,0%)] +Eg [logp(W | C,0%)]
¢ logp(B) —log {¢*(B)}] + E [logp(g | oz) —log{q"(9)}]
g+ [logp(b | o) —log {q* (b)}] ¢+ [logp(C | A) —log {¢"(C)}]
—i—Eq [logp(ag) log {q Ug)}] [logp Ub log{q* Ub H
+Eg- [logp(oy) —log {q" (0% )H ¢ [logp(o) —log {q*(c%)}]
K,
+ > Eg [logp(Ax) —log {qg* (M)} (B.1)

k=1
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The first term appearing in (B.1) is
Eq* [lng(Y | ﬁu bu 0797 U%’)}
nJ 1 ) 11 )
= Eg —710g(27r) - glog (| oyl |) 35 Y —z28—-Zb— CMgy|
Oy

J J
= —% log(2m) — %Eq* log(0%)

L
~3Ha(1/0% VY = 2y05) = 26— by Mty | + 11 (2722 a)
T
- (Hq<g>M “q<0>) (%(g)M uq<0))
T T T
Fha M (o) Pac) T (1) Bq(0)) M py(q)
i { M7 (1l )ty + (00 Sy ) My} + 0 {27250, }}.
The second term is
Ey- [logp(W | C,0%)]

n J _N N 11 T
S (Tlog(%) — 5 log (0%) — 55| (Wij - Cz'jTﬂT) ||2>
X

i=1 j=1

nJN nJN
- _Tl g(2m) — "B, log(ok)

n J
et/ > DW= eI + (0t (¢ Z0(0))
=1 j=1

Next, we have

Eg- [logp(B) — log {q¢" (B

)}
by
= Eg [1 <| q(5)|> 202ﬁ B+ (ﬁ Baa)" q_&a)(ﬁ—uq(ﬁ))]

1 Zy)| 1 (71 p

= glos ( ) {Photae + 1 (Zue) | + 5.
The fourth term is given by
¢ [logp(g | og) —log{q*(9)}]

1 |2q(g)| LT o1 1 Ty—1

K 1
= S log(] By ) - uoga]—510g<|D|>

1 _ K
(1/‘7 ) {ll’q(g)D p’q(g) +tr (D 12‘1(9))} + 7(]
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Further, we have

Eg- [logp(C | A) —log {q"(C)}]
I o R
+3 ((Ck) - (NZ(C))T)T (Eq_(lc))kk ((Ck) - (HS(C))T) H

= Z%Ilog{ a(C) kk} Z *log (M)

k=1

nJ)K,
Z shan () (o) + (1) (Zqco i) +! 2) '

The sixth term in (B.1) is
Eg- [logp(b | o3) — 4" (b)]
b)

1 |Eq( | 11 4 1
—_ Eq* |:§ log ( | o'gI | — §U_bb b+ (b /"’q(b)) Eq(b) (b — /"’q(b))

1 n
= 5Eq[log(l By )] - 5Eq-[log o]
11 ¢ n
THq(1/03) 5 [“q(b)ﬂq(b) +ir (zq(b))} Ty

Next,

Eg- [logp(og) —log {q*(02)}]

Eq-

K,
= _E - log(o ) t Hq(1/02) (Bq(og) - Bg) + Aglog (Bg) —log {I" (4g)}

K, K
(A + —) log (Bq(gg)) + log {F (Ag + 7(;) } .

Additionally, the eighth term in (B.1) is

Eq- [logp(og) —log {q"(03)}]
n
= 5B log(a) + tg(1/02) (Bq(gg) - Bb) + Aplog (By) — log{T" (4s)}

(Ab—i— )log(B (02 )) —i—log{l" (Ab—i-g)}.
Next, we have

[logp(o%) —log {q"(0%)}]
nJ
= B 10g(03) + 141702 (Byoy) — By ) + Ay log (By) — log {T' (Ay)}

(AY n )1og (B 2 >) +1og{r (AY + g)}
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The tenth term is

Eg- [logp(ck) —log{q*(c%)}]

nJN
= TE(I* log(agc) + Hg(1/02) (Bq(gg() — Bx) + Ax log (Bx)

—log{T" (Ax)} — (AX + @) log (Bq((,gc)) + log {1“ (AX + @)}

Finally, for 1 < k < K,
Eg- [log p(Ak) —log {q" (Ax)}]
nJ
= TE(I* log()\k) + Lq(1/2k) (Bq()\k) — BA) + Ay log (B)\) — log {F (A)\)}

J J
— <A>\ + %) log (Bq()\k)) + log {F (AA + %)}

We combine the above factors noting that many terms cancel. For exam-
ple, the terms —% E..log(c%) and % E,- log(c}) appear in Eg«[logp(Y |
B,b,C.g,0%)] and Eg- [logp(oy) —log {q*(c%)}] respectively. Moreover, we
can make substitutions for terms appearing in the updates given in Algorithm 1
and again simplify the expression. An example is to combine —pi4( /o2 yBg and

—1 1 .
_luq(l/af?)% [llzg(g)D uq(g)—l-tr (D Eq(b))} and substitute for _,uq(l/ag)Bq(ag);
this term cancels with another appearing in Eq- [logp(oz) — log {¢*(02)}]. Thus
we have

log p(Y, W3 q)
—nJ —nJN 1 1Zym)
= log(2m) + 5 10g(2ﬂ')§ log ( U;p
1 ( p
503 { Bl e+t (Za@) | + 5
1 K, <=nJ nJK
+ B 10g(| Eq(g) |)] + 7(] + Z 5 log ((Eq(c))kk) + 2 -
k=1
n
+ 5 log(| Zgw) |) + 5

—I—log{l" (Ag—i—% }
+ Ay log (By) — log (T (4s)) — (4 + g) log (By(op) ) +1og {T (4s+ g)}
)

+ Ay log (By) — log (T (Ay)) — (AY + ﬂ) log (Bq(ag’ )

2
+10g{F (Ay—l- %7)}
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nJN
+ Ax log (Bx) —log (T' (Ax)) — (Ax + T) log (Bq<a§(>)

+ log {F (AX + —néN)}

Ko

+3 {AA log (By) — log (' (A3)) — <AA + %J) log (By(ay))

k=1

fr(o D)

Using const. to represent an additive constant that is not affected by updates
in Algorithm 1, we have

logp(Y, W q)

Lo [(Zas)l 1 g
- §1°g( o) 203 {“q(ﬁ)“q(ﬁ) Fir (Eqm))}

K
1 = nJ 1
+5Eq [log(|Zq() )] + > — log ((Bge)rr) + 5 Eq- [108(|Zqv) )]
k=1

— (Ag + %) log (Bq(ag)) - (Ab + g) log (Bq(gi))
_ (AY + %’) log (Bq(ggr))
Ko

nJN nJ
_ (AX + T) log (Bq(gi)) — Z { (A)\ + 7) log (qu\k))} —+ const.
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