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Abstract

We consider a latent space model for dynamic networks, where our objective is to estimate
the pairwise inner products plus the intercept of the latent positions. To balance posterior
inference and computational scalability, we consider a structured mean-field variational
inference framework, where the time-dependent properties of the dynamic networks are
exploited to facilitate computation and inference. Additionally, an easy-to-implement block
coordinate ascent algorithm is developed with message-passing type updates in each block,
whereas the complexity per iteration is linear with the number of nodes and time points. To
certify the optimality, we demonstrate that the variational risk of the proposed variational
inference approach attains the minimax optimal rate with only a logarithm factor under
certain conditions. To this end, we first derive the minimax lower bound, which might be
of independent interest. In addition, we show that the posterior under commonly adopted
Gaussian random walk priors can achieve the minimax lower bound with only a logarithm
factor. To the best of our knowledge, this is the first such a throughout theoretical analysis
of Bayesian dynamic latent space models. Simulations and real data analysis demonstrate
the efficacy of our methodology and the efficiency of our algorithm.

Keywords: Variational inference, dynamic network, hierarchical models, message-passing,
posterior concentration

1. Introduction

Statistical analysis of network-valued data is rapidly gaining popularity in modern scientific
research, with applications in diverse domains such as social, biological, and computer
sciences to name a few. While there is now established literature on static networks (see,
e.g., the survey articles by Goldenberg et al., 2010, Snijders, 2011 and Newman, 2018), the
literature studying dynamic networks, that is, networks evolving over time, continues to
show rapid growth; see Xing et al. (2010); Yang et al. (2011); Xu and Hero (2014); Hoff
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(2015); Sewell and Chen (2015); Matias and Miele (2017); Durante et al. (2017a); Durante
and Dunson (2018); Pensky (2019) for a flavor.

The latent class model proposed in Hoff et al. (2002); see also Handcock et al. (2007);
Hoff (2008); Krivitsky et al. (2009); Ma et al. (2020); constitutes an important class of
static network models and has been widely used in visualization (Sewell and Chen, 2015),
edge prediction (Durante et al., 2017b) and clustering (Ma et al., 2020). Latent space
models represent each node i by a latent Euclidean vector @;, with the likelihood of an
edge Y;; between nodes 7 and j entirely characterized through some distance or discrepancy
d(x;, ;) between the respective latent coordinates. Dynamic extensions of latent space
models (Sarkar and Moore, 2005; Sewell and Chen, 2015; Friel et al., 2016; Sewell and
Chen, 2017; Liu and Chen, 2022; Loyal and Chen, 2023) are also available, which assume
a Markovian evolution of the latent positions. We focus on statistical and computational
aspects of variational inference in such dynamic latent space models in this article.

To set some preliminary notation, consider a network of n individuals observed over T’
time points. For 1 <14 # j < n, let Y;;; denote the observed data corresponding to an edge
between nodes i and j at time ¢. For example, Y;;; € {0, 1} may denote the absence/presence
of an edge, or Y;j; € R could indicate a measure of association between nodes 7 and j. Let
Y = (Yiji) € R"*™ denote the n x n network matrix at time ¢ (with only the off-diagonal
part relevant), and let Y = {Y;}_; denote the observed data. We formulate our latent
space model using the commonly used negative inner product d(xy, ;) = —xjx;; as the
discrepancy measure (Durante et al., 2017b; Ma et al., 2020), where x; € R? denotes the
latent Euclidean position of node i at time ¢ and x’ denotes the transpose of a vector x.
The observed data likelihood then takes the form

T
pylxp) =11 I P8,z x)), (1)

t=11<i#£j<n

where P(Yjj: | B, @it, ;i) is decided by S+, and X = {X M, with Xy = [®14, ..., Tpt]/
R™*? the matrix of the latent positions at time ¢ and d is defined as the dimension of the
latent space. To model the evolution of the latent positions, assume a Markov process

xi1 ~ N(0,081y), i=1,..,n.

Tii1y | Tt ~ N (e, 71a), i=1,.,nt=1,..,T—1,

(2)

where [; is a d x d identity matrix.

To alleviate computational inefficiencies of sampling-based posterior inference, poste-
rior approximations based variational inference have been developed where the variational
posteriors of latent positions across all times are either directly (Liu and Chen, 2022) or
implicitly (Sewell and Chen, 2017) assumed to be independent. In the paper by Sewell and
Chen (2017), the variational family is presented in a joint form of ¢(X') in their parametriza-
tion. However, in Section 2.2 of the supplementary document, the derivation only needs a
fully factorized structure of the latent positions, and their algorithm for variational inference
only obtains the marginal distributions ¢(x;;) instead of joint ones. In dynamic models,
where there is already a priori dependence between the latent states over time, assuming
such an independent structure is restrictive and can lead to inconsistent estimation (Wang
and Titterington, 2004).
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In this article, we consider a more flexible structured mean-field (SMF') variational family,
which only assumes a nodewise factorization. An efficient block coordinate ascent algorithm
targeting the optimal SMF solution is developed, which scales linearly in the network size
and retains the O(nT') per-iteration computational cost of mean field (MF) by carefully
constructing message-passing (MP) updates within each block to exploit the specific nature
of the temporal dependence. Moreover, we empirically demonstrate that our algorithm
achieves faster convergence across a wide range of simulated and real data examples. We
also exhibit the mean of the optimal SMF solution to retain the same convergence rate as
the exact posterior mean, providing strong support for its statistical accuracy. Overall, SMF
achieves an optimal balance between the statistical accuracy of the exact posterior and the
computational convenience of MF, retaining the best of both worlds. Loyal and Chen (2023)
developed a similar SMF variational approach, and a coordinate ascent variational inference
(CAVI) algorithm was introduced for a latent space model aimed at dynamic multilayer
networks. Their study emphasized the algorithmic and computational perspectives, while
one of our key emphasis is on deriving theoretical risk bounds for the proposed variational
inference method below.

To adaptively learn the initial and transition standard derivations, we adopt priors

02 ~ Inverse-Gamma (ag,, by,), 7> ~ Gamma (c;,d,), (3)

and incorporate them into our SMF framework. Although an inverse-gamma prior on the
transition variance 72 (e.g., Sewell and Chen, 2015) leads to simple conjugate updates, it
is now well-documented that an inverse-gamma prior on a lower-level variance parameter
in Bayesian hierarchical models has undesirable properties when a strong shrinkage effect
towards the prior mean is desired (Gelman, 2006; Gustafson et al., 2006; Polson and Scott,
2012). In contrast, adopting a Gamma, prior (3) on 72 places sufficient mass near the origin,
which aids our subsequent theoretical analysis and also retains closed-form updates in the
form of Generalized inverse Gaussian distributions (Jorgensen, 2012).

From a theoretical perspective, statistical analysis of variational posteriors has received
major attention recently (Pati et al., 2018; Wang and Blei, 2019; Alquier and Ridgway,
2020; Yang et al., 2020; Zhang and Gao, 2020). In particular, motivated by the recent de-
velopment of Bayesian oracle inequalities for a-Rényi divergence risks (Bhattacharya et al.,
2019), Alquier and Ridgway (2020) and Yang et al. (2020) proposed a theoretical framework,
named «-Variational Bayes (a-VB), to analyze the variational risk of tempered or fractional
posteriors in terms of a-Rényi divergences. Under the a-VB framework, statistical optimal-
ity of variational estimators can be guaranteed by sufficient prior concentration around the
true parameter and appropriate control on the Kullback—Leibler (KL) divergence between
a specific variational distribution and the prior. We adopt and extend their framework
to derive Bayes risk bounds under the variational posterior towards the recovery of the
latent positions in an appropriate metric. A novel ingredient of our theory is the ability
to provide statistical analysis for SMF variational family ¢(X, 7, 0¢) = ¢(X)q(7)q(0¢) given
hierarchically specified prior distributions of the form p(X,7,0¢) = p(X | 7, 00)p(7)p(00)-

The proof technique of Alquier and Ridgway (2020) and Yang et al. (2020), where a
specific variational candidate is constructed by truncating the prior to a small neighborhood
around the true parameters, has become common for providing statistical guarantees of
variational estimates. However, this technique cannot be directly applied to MF variational
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families endowed with a hierarchical prior specification, as the truncated distribution may
not be a candidate in MF variational family due to the dependence through the global prior
in the hierarchy. Previous literature (Liu and Chen, 2022) avoids this issue by treating the
upper-level parameters of the hierarchical prior as fixed constants, thus losing the adaptivity.
Bai et al. (2020) developed statistical guarantees for full MF variational distribution in the
context of regression with global local hierarchical priors. While their algorithm used a full
MF family, their theoretical results are proven assuming a dependence between the upper
and lower-level parameters of the hierarchy leading to a richer family rather than a fully
factorized MF. On the other hand, our theoretical results and algorithm are both developed
using the same structured mean-field family where the global parameter in the hierarchy is
assumed to be independent of the remaining parameters.

In addition, we exhibit the optimality of our proposed variational estimator by showing
its rate of convergence to be optimal up to a logarithmic term. En route, we identify an
appropriate parameter space for the latent positions and derive information-theoretic lower
bounds. To the best of our knowledge, this is the first derivation of a minimax lower bound
for dynamic latent space models. In fact, the only other work we are aware of that studies
minimax rates for dynamic network models is Pensky (2019) in the context of dynamic
stochastic block models.

Finally, the computational and theoretical framework developed here can be safely
adapted to the case where different nodes are equipped with different initials and tran-
sitions to capture nodewise differences:

w1 ~ N (0, 03;1a), Tiir1) | Tie ~ N (@i, 714), )

ogi ~ Inverse-Gamma (@, bs, ) , 7—1.2 ~ Gamma (c,,d,),

fori=1,...,n;t=1,...,T — 1. Due to space constraints, we present the computation and
theoretical results for such nodewise adaptive priors (4) in Section A.7 of the supplementary
material.

In summary, the contributions of our paper can be summarized as follows:

1. Through the use of an SMF variational family, we proposed a CAVI algorithm, which
offers an improvement over MF variational inference with minimal additional compu-
tational cost. Although our work was developed concurrently with Loyal and Chen
(2023), which also adopts an SMF variational family, our approach is distinct in that
it utilizes message passing rather than a variational Kalman smoother as in Loyal and
Chen (2023);

2. A detailed theoretical analysis of the lower bound for the squared error loss associ-
ated with sufficiently smooth latent variables is presented, which is a first practice
for dynamic latent space models to our best knowledge. In addition, we develop con-
traction rates of the posterior and its variational approximation of the proposed SMF
procedure. To our best knowledge, such an analysis is the first result in the literature
on Bayesian dynamic latent space models;

3. This technique for analyzing MF variational families for hierarchical prior distributions
contributes to filling a gap in the recent literature regarding the analysis of variational
inference for hierarchical prior distributions.
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Notation. For a vector x, we use ||z||2, ||@|1, ||Z|lcc to represent its fo, ¢; and fo
norms and & as its transpose. For a matrix A, let ||A||r be its Frobenius norm. We use
I and 1 to denote the identity matrix and vector with all ones. Suppose P and @) are
probability measures on a common probability space with a dominating measure u, and let
p=dP/du,q=dQ/du. We use Dir{p || ¢} = | plog(p/q)dp to denote the KL divergence
between the density p and ¢. In addition, we use Dq {x || 2o} = log [ pSpi, *du to denote
the Rényi divergence of order a between the density p, and p,,. Given sequences a,, and
by, we denote a,, = O(by,) or a, < by, if there exists a constant C' > 0 such that a,, < Cb,
for all large enough n. Similarly, we define a,, 2 b,. In addition, let a, = o(b,) to be
limy, 00 @n /b, = 0. Let Px denote a probability distribution with parameter X, and px
denote the corresponding density function. Denote E, as the expectation taken with respect
to a variable x. Let N (u, o) be the normal distribution with mean p and variance o while
N (z; p,0) be the normal density function of value x with mean p and variance o. For any
subset of B of O, we use II(B) to denote the probability of prior distribution taken on the
set B.

2. Posterior Convergence of Dynamic Latent Space Models

Our main objective is to theoretically analyze the proposed SMF variational inference
scheme. To this end, we first need to determine the appropriate parameter space to ensure
that the variational posterior can converge at a near minimax rate. Since variational infer-
ence is an approximation of posterior inference, we will first establish that the a-fractional
posterior (a variant of posterior) can achieve the minimax optimal rate for some specific
parameter space. This will provide us with the necessary tools to prove the properties of
the variational posterior. One of the sufficient conditions for optimal concentration of the
a-variational posterior is that the a-posterior itself be well behaved (Yang et al., 2020),
which in turn is guaranteed by Bhattacharya et al. (2019) through the optimal prior mass
condition. In addition, the a-fractional posterior can indicate the optimal rate at which the
upper-level parameters, such as scales, need to concentrate.

In this section, we first identify a suitable parameter space (7) for the unknown latent
positions and obtain an information-theoretic lower bound to the rate of recovery (relative
to a loss function defined subsequently) for said parameter space in Theorem 2. Such
minimax lower-bound results for dynamic networks are scarce, and therefore this may be of
independent interest. Next, under mild conditions on the evolution of the latent positions,
we show in Theorem 3 that the rate of contraction of the fractional posterior matches the
lower bound. We expand the posterior convergence result to include a prior on the transition
variance.

2.1 Modeling Framework

We first state our assumptions on the data-generating process. Assume data is generated
according to (1) with true latent position X* = {X;}.,. We assume that 8* = 0 for
simplicity in theoretical analysis. Therefore, the network is assumed to be dense. As
in Equation (1) is unknown and approaches negative infinity for sparse networks, further
research is needed to develop theoretical results for sparse networks in the Bayesian la-
tent space model. We consider Gaussian or Bernoulli distributions for the observed links,
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respectively,

Yije M N(alal,0?), 1<i#j<n, t=1,...,T, or !

Yijt % Bernoulli [1/{1 + exp(—m;"t/:c;t)}} , 1<i#j<n, t=1,.,T, )
where x, € R? is the ith row of X} and designates the true latent coordinate of individual
i at time t. The Gaussian likelihood can be considered a natural Bayesian alternative
for estimating low-rank latent positions through singular value decomposition (SVD). It is
worth noting that the optimization objective of SVD is associated with the best low-rank
approximation in terms of the Frobenius norm, which implies that a Gaussian-likelihood
type of Bayesian alternative can be used. On the other hand, the Bernoulli likelihood, which
is a natural way to model binary responses, is widely used in the network and dynamic
literature; see, for instance, Hoff et al. (2002); Sewell and Chen (2015); Ma et al. (2020);
Zhang et al. (2020).

Fractional posterior: We adopt the expanded framework of a fractional posterior
(Walker and Hjort, 2001), where the usual likelihood P() | X) is raised to a power v € (0,1)
to form a pseudo-likelihood P, (Y | X) := [P(Y | X)], which then leads to a fractional
posterior P, (X, 1,00 | V) o Py(Y | X)p(X | 7,00)p(7)p(0g). Denote the e ball for KL
divergence neighborhood centered at X* as

By (X% €) = {X €0: /p;(* log(w)du < n(n—1)Té€,

" (6)

/px* log?(P)dy < n(n — 1)T62} :
bx

where g is the Lebesgue measure and © is the parameter space of X. Consider a sub-
set B of the parameter space O, we use IIo(B | V) = [5[P(Y | X)]|*P(X)dX/{[g[P(Y |
X)]*P(X)dX} to denote the a-fractional posterior. Then our technique of analyzing frac-
tional posterior is the following Lemma, adapted from Theorem 3.1 in Bhattacharya et al.
(2019):

Lemma 1 (Contraction of fractional posterior distributions) Fiz o € (0,1). As-
sume €, T satisfies nQTe%’T > 2 and

I (Bur (X", enr)) > e W T,

Then, for any D > 2 and t > 0,

1 * D +3t 2 ) —tn2Te2
M, (——— Dy (X, x%) > 2 < e
(n(n—l)T ( ) l—ae’T‘y ¢

holds with Py« probability at least 1 — 2/ {(D -1+ t)QnQTeth}.

In contrast to the theory of original posterior distributions, which requires additional
conditions (for details, refer to Ghosal et al., 2000), the prior mass condition (6) is sufficient
to ensure optimal concentration of fractional posterior. This is advantageous in the theo-
retical analysis of fractional posteriors because verifying the other conditions for complex
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parameter spaces can be a challenging exercise. On the other hand, the fractional power «
only appears as a multiple factor and will not affect the main rate with respect to n and T.
In related literature, the a-variational posterior has been considered instead of the original
one to facilitate theoretical analysis (see, for example, Linero and Yang, 2018; Martin and
Tang, 2020; Jeong and Ghosal, 2021; Liu and Chen, 2022). They have also concluded that
the concentration rates do not vary based on the choice of . When a = 1/2, the Hellinger
divergence h(p, q) is commonly used, and it is related to the D j5(p, q) = —21log(1 —h2(p,q)),
as discussed in Section 2.2 of Bhattacharya et al. (2019).

2.2 Lower Bounds to the Risk

We first examine the optimal lower bound under a suitable parameter space. To capture
a smooth evolution of the latent coordinates over time, we assume the following parameter
space for the latent position matrices:

T n
PWD(L) := {X YO i — @iy |2 < L} . (7)

t=2i=1

Here, PWD abbreviates point-wise dependence. The quantity L; which may depend on n
or T'; provides an aggregate quantification of the overall ‘smoothness’ in the evolution of
the latent coordinates.

Given an estimator X of X *, we consider the squared loss to formulate the minimax
lower bound. Observe that the latent positions are only identifiable up to rotation, and
thus the loss function above is formulated in terms of the Gram matrix corresponding to
the latent position matrix, which is rotation invariant.

Theorem 2 (Minimax lower bound) Suppose the data generating process follows Equa-
tion (5). For X € PWD(L), withn—d+1>16,n>2d, T >4, and d fized, we have:

1

~ v 2 L3 1 1
inf o sup Ey|———= &L — T >mind s, — 5+ —.
X XePWD(L) n(n—1)T 217;1( itLj it J) Irlg T

While there is a sizable literature on minimax lower bounds for various static network models
(Abbe and Sandon, 2015; Gao et al., 2015, 2016; Zhang and Zhou, 2016; Klopp et al., 2017),
similar results for dynamic networks are scarce. To the best of our knowledge, only Pensky
(2019) conducted such an analysis for dynamic stochastic block models, and there are no
such results for latent space models. We prove the lower bound using a construction of a
subset of low-rank latent states in Equation (A.1) in the appendix, which is adapted from
the general construction of rank-one estimation of low-rank decomposed models (Vu and
Lei, 2012; Birnbaum et al., 2013) to account for the network structure. We believe that
such a construction can be used to analyze other latent space models for networks.
Theorem 2 characterizes the dependence of the lower bound on the number of time
points T, the size of the network n, and the smoothness parameter L. We assume the
latent dimension d to be a fixed constant in our calculations and refrain from making the
dependence of the lower bound on d explicit. For fixed n, T, the term L?/3n=%/3T7—2/3 is an
increasing function of L, implying that smoother transitions lead to better rates. However,
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the rate cannot be faster than 1/(nT’) even if L is arbitrarily small because under the
extreme situation where all the latent positions X1, ..., X1 are the same, we still need to
estimate a matrix of latent positions X1 with O(n) parameters given O(n?T) observations.
On the other hand, if L is large enough so that Tv/n/L = o(1), the lower bound is 1/n,
which is equivalent to estimating each network separately ignoring the dependence. Finally,
if n is fixed, the lower bound as a function of L and T reduces to O(L?/3T~%/3) which is
the minimax rate for total variation denoising (Donoho and Johnstone, 1998; Mammen and
van de Geer, 1997).

2.3 Convergence Rates of Fractional Posterior and Variational Risk

In this subsection, we show that under mild additional conditions, the minimax lower bound
can be matched by the fractional posterior under the Gaussian random walk prior (2). First,
we impose an identifiability condition in terms of a norm restriction:

leille <C,Vi=1,..,n,t=1,..,T, for some constant C' > 0. (8)

Condition (8) requires that all the latent positions are norm-bounded by a constant, which is
mild and reasonable considering the loss is in the inner product form. Under the above con-
dition (8), all the probabilities induced by the inner product Dot o, = 1/{14exp( —:n;“t/ x3)}
are bounded away from 0 and 1 for the Bernoulli likelihood. Such an assumption is common
for logistic models.

We additionally assume a homogeneity condition where we require that there exists a
constant Cy > 0, such that

|25, — &,y ll2 < CoL/(nT),Vi=1,..n,t=1,...T. (9)

If the true transitions satisfy (9), it is immediate they lie in the PWD class defined in (7).
The homogeneity condition is compatible with random generating processes in the literature
(Sewell and Chen, 2015)) such as a Gaussian random walk with bounded transition variance.
Indeed, as long as X7, — X;j( t—1) for all ¢, j,t are sub-Gaussian random variables centered
at zero and sub-Gaussian norm bounded by 7%, using a concentration inequality for the
maximal of sub-Gaussian random variables (Lemma 17), we have

P (max | X5 — Xl = \/27'*2{10g(an) + t}) <2e 7t (10)
2,7,

Therefore, with probability 1 — 2/(nT'd), the homogeneity condition (9) holds when 7* <
CoL/(4nT log(nT'd)). Similar conditions amounting to smooth transitions of the edge prob-
abilities in a dynamic stochastic block model can also be found in Pensky (2019).

When considering binary likelihood and aiming for the convergence of the Frobenius
norm of the difference between inner products, we also have a technical assumption for the
prior: consider the event B, = {||zi|2 < C4,Vi # j =1,...,n,t =1,...,T} for a constant
Cy > max ||z}, |2

We consider the prior restricted on event B, (X), I := TI(- N B,(X))/TI(B,(X)), (11)

to replace the original prior such that f[(Bg) = 0. Without ambiguity, we still use II(-) to
denote ﬁ() However, the assumption is used for technical simplicity in the proof of the



STRUCTURED OPTIMAL VARIATIONAL INFERENCE

Theorem, ensuring the connecting probabilities are controlled at a specific rate as in the
literature (e.g., Ma et al., 2020; Zhang et al., 2022a,b), while not used in the algorithm.
In particular, adopting such a restriction will only result in a negligible difference between
using the original prior. A similar phenomenon is also reported in Remark 2 in Ma et al.
(2020).

Under the above conditions, we have the following theorem:

Theorem 3 (Fractional posterior convergence with the fixed hyperparameters)
Suppose the true data generating process satisfies Equation (5), X* € PWD(L) with 0 <
L = o(Tn?), and conditions (8) and (9) hold. Suppose d is a known fived constant. Let
ent = L3/ (TV302/3) +\/log(nT)/(nT). Then, under the Gaussian random walk prior on
X defined in Equation (2) and choosing oy as a fized constant and 7 = c1{e,rL/(nT) +
log?(nT)/(nT?)} for some constants c; > 0; we have for n,T — oo,

1 .
Ha (MDCX (X,X ) Z ME?%,T ’ y) — 0.

In addition, if condition (11) also holds, we also have

1 T n oo 9
Il {n(n—l)T > (w;tmﬁ - witmjt) > Me) r | y}] — 0, (12)

t=1i#j=1

E

with Py~ probability converging to one, where M > 0 is a large enough constant.

Theorem 3 demonstrates that the minimax lower bound can be matched by the fractional
posterior under specific choices of the hyperparameters ¢ and 7. In particular, the choice of
7 ensues from an interplay between the smoothness of the Gaussian random walk prior and
the truth. If 7 is too small, the prior over-smoothes and fails to optimally capture the truth,
while if 7 is too large, then the prior under-smoothes, leading to overfitting. In particular,
the smallest choice of 72 is at the rate of log?(nT)/(nT?), which corresponds to the smallest
error rate \/log(nT’)/(nT"). Moreover, Theorem 3 implies that when the dependence is weak
(L is larger than T'\/n), applying Gaussian random walk priors with small transitions could
damage the convergence rate of estimation accuracy. Besides, the rate implies that as long
as the number of networks T is at least at the order of L/+/n, the temporal dependence
can be utilized to gain a rate no slower than the order of static network \/1/n. The proof
of Theorem 3 is based on transforming the Gaussian random walks into initial estimations
together with Brownian motions initialed at zero and traditional techniques of calculating
the shifted small ball probability for Brownian motions (e.g., Van der Vaart and Van Zanten,
2008).

Theorem 4 (Fractional posterior convergence with hierarchical priors) Suppose the

true data generating process satisfies Equation (5), X* € PWD(L) with 0 < L = o(Tn?),

and conditions (8) and (9) hold. Suppose d is a known fized constant. Let e, 7 = LY/3 /(T /3n?/3)+
log(nT")/(nT'). Then, under the Gaussian random walk prior on X defined in Equation (2)

and adopting priors (3) for oo and T, we have for n,T — o,

1 *
Ha (MDa (X,X ) Z M€72‘L,T | y) — 0.
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In addition, if condition (11) also holds, we also have

E

1 T n oo 9
I, {n(n—l)T Z Z (w;twﬁ — scit:r:jt) > MG%,T | y}] — 0, (13)

t=1i£j=1
with Py« probability converging to one, where M > 0 is a large enough constant.

Theorem 4, which is practically more relevant than Theorem 3, shows that the hier-
archical prior on X specified by X | 02,72 as in (2) and endowing the hyperparameters
0? and 72 with priors as in (3) leads to the same rate of contraction without knowledge
of the smoothness parameter L. The Gamma prior on the transition variance 72 places
sufficient mass around the ‘optimal choice’ in Theorem 3, which is a key ingredient in the
proof of Theorem 4. We comment that the current proof technique does not work with an
inverse-gamma prior on 72, with zero density at the origin.

3. Structured Mean-field in Latent Space Models

Variational approximations of fractional posteriors have also recently gained prominence
(Bhattacharya et al., 2019; Alquier and Ridgway, 2020; Yang et al., 2020) — from a com-
putational point of view, minor changes are needed while Bayes risk bounds for purely
fractional powers (a < 1) require fewer conditions than the usual posterior (o = 1). Further-
more, as with the usual posterior, optimal convergence of the fractional posterior directly
implies rate-optimal point estimators constructed from the fractional posterior. Variational
inference approximates the posterior distribution p(X,3,7,00 | V) x P(Y | X,8)p(X |
7,0)p(T)p(og)p(B) by its closest member in KL divergence from a pre-specified family of
distributions I':

G(X,B,7,00) = argmin Dk {q(X,B,7,00) || p(X,B,7,00 | V)}

q(X,B,7,00)€T
= argmin —E {log (p(y’X’ﬁ’T’UO))} (14)
! q(X767T7 UO) ’

q(‘XnB:T7UO)€F
where the term Eg{log(p(X,5,7,00 | ¥)/q(X,B,7,00))} is called evidence-lower bound
(ELBO).

3.1 The Structured Mean-field Family

For dynamic latent space models with fixed initial and transition scales oy and 7, the
mean-field (MF) variational family (Liu and Chen, 2022) assumes the form

T n
a&m{ﬂﬂmmbm. (15)

t=1i=1

The variational posterior under MF can be obtained through CAVI to maximize the ELBO
(e.g., see Blei et al., 2017):

0" (8) o explB_g{log (X, B, M} ") (@ir) ox exp[Ba,, {logp(X, 8, Y)}],  (16)
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’wi(t—l—l) ‘ ’ Lj(t+1) ‘ ’ CCz(t+1 Lj(t+1) ‘
t=
ktzl,..,,T—l;i;«éj:1,...,nJ T-Li#j=1,..

Figure 1: Graph representations for MF, SMF and exact posterior predictive distribution
for latent space model given a fixed 5, 7, 0g. Conditional on ), the graph structure
formed by latent positions are nT isolated nodes for MF, n separated chains with
length T for SMF and a graph with many loops for posterior.

where E_g, E_;,, are the expectations taken with respect to the densities ¢(X) and
[T/~ 1, a(je)]a(B), respectively. On the other hand, Sewell and Chen (2017) adopted
a likelihood function where the dependence across time of X is captured by latent labels Z.
According to their Equation (22), they adopted a joint variational posterior for latent posi-
tions ¢(X') with the assumption of independence among X in the variational family leading
to independence of X across time q(X) = [T, [T, ¢(xi). To see this more clearly, the
algorithm in Section 2.2 of their supplementary material for the variational inference in-
dicates to compute only all marginal distributions g(z;;), rather than joint ones ¢(X) in
the variational posterior. Our proposed structured MF (SMF) variational family is instead
given by

4(X, B, 7,00) = [quxz} )a(r)a(o0), (17)

where x;. = [x},, T}y, ..., z}p). Compared to MF, SMF does not enforce additional inde-
pendence across time points g, i(4+1)(Tit, Ti+1) = Qt(Tit) Q1) (Tie41)) for i = 1,...n,
t=1,...,T — 1. Figure 1 offers a visual comparison of the dependence structures among
MF, SMF, and posterior predictives.

3.2 Computation for SMF

Utilizing the structure of the likelihood and prior, we have

pa(y7 X?ﬁaTv 00) X Pa(y ‘ X)ﬂ)p(x | T, O-O)p(T)p(UO)p(ﬂ)
T n T—1

=T II Paije |l @iz, 8) ][ { 11 (i) | @i, T)p(i1 | 0’0)} (18)
t=11<i#£j<n i=1 Li=1

x p(B)p(T)p(00),

11
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with p(@;g41) | @ie, 7) o exp(—||@;1) — @il3/(272)) for ¢ = 1,...,T — 1, where |||l
represents its o norm of a vector x. Based on the variational family (17), the CAVI
updating of ¢(8) q(7),q(00) and ¢;(x;.), i = 1,...,n are performed in an alternating fashion.
The update of 8 is standard and deferred to the supplemental material. We discuss the
updating of the variance components in Section 3.5, and at present focus on the update of
¢;- Specifically, suppose ¢(3), q(7),q(00) and g;(x;.), j # ¢ are fixed at their current values
and the target is to update ¢;(x;.). The CAVI scheme gives

T n
E o, {Z > {log Pa(Yiji | @it, je, 5)}

t=1j#i,j=1 (19)

+Z log p(xi(441) | Tit, 7) + log p(xi | UO)H )

qi(x;.) x exp

where E_,, is the expectation taken with respect to the density [[1;; ¢;(z;.)]a(8)q(7)q(o0).
Substituting the prior and likelihood (18) into Equation (19), it follows that ¢;(x;.)
assumes the form:

() ( )Tl—_f ( | g(zi)) Tff Qit,i(t4+1) (Tits Tige41)) H (20)
qi\Ti.) = 4i1( L4 q\x; q\Tit)) = q; CBz
He i—1 =+ ! i—1 Qit(mit)Qi(tJrl)( z(t+1 e

which implies that the graph of random variable x; is structured by a chain from x;;
to x;p. It is important to notice that the structure (20) is not imposed by our variational
family (17), rather a natural consequence of the Markov property of the prior and conditional
independence of the likelihood in Equation (18). Given the above structure (20), computing
the building blocks, i.e., the unary marginals {g; } and binary marginals {g; ;;11)}, can be
conducted in an efficient manner using message-passing (Pearl, 1982). To that end, we first
define the following quantities:

¢in(@in) = exp{—p1ye2llzall3/2 — 11102l 13/2} T exp[Eq(s)g(a;) {log Pa(Yij1 | @i, 251, 8)}],
J#i
Git(Tit) = eXp{_Nl/ﬂHmitH%/Q} 11 exp[Eq(5)q(a;0) 1108 Po(Yij1 | @i, zje, B)}], VE € {2,..., T}
JFi
Vit i(t+1) (Tits Tigeg1)) = exp(ul/sz;(t-i,-l)a:it)a vte{l,..,T -1},

(21)
where p11/,2 = E,»(1/7%) and M1/02 = E(0)(1/03). For the ease of notation, we also
denote Qﬂi(],ﬂ (mio, mﬂ) =1 and wiT,z‘(T—f—l)(miTa $i(T+1)) =1.

Proposition 5 The quantities appearing in the right-hand side of Equation (20) are given
by,

Git(@it) o Git(Tit)Mi(e11),it(Tit)Mi(e—1) 50 (Tit)
(22)
%m(tﬂ)(ﬂcz’t, xi(t—i—l)) X ¢z‘t(wit)¢i(t+1)(xi(t—i-l))mi(t—i-Z),i(t—i-l)(xi(t—i-l))mi(t—l),it(wit)y

where

mz’(t+1),z’t($z‘t) X /d’z’(t—i—l)(mi(t—i-l))wit,i(t—i-l)(xitvxi(t+1))mi(t+2),z’(t+1)(xz'(t—i-l))dmi(t—i-l)

12
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and
Mt i(e+1) (Ti(e+1)) /¢zt Tit) Vit i(t41) (Tits Tigeg1))Mige—1),it(Tit ) ATt
respectively are backward and forward messages fort =1,....,T — 1.

In the message-passing literature, messages are computational items that can be reused from
different marginalization queries, which are not necessary to be distributions (see Wain-
wright and Jordan, 2008 for more details). Proposition 5 provides the order of updatings
to obtain g;(x;.): first, the initial backward/forward messages satisfy m;iry1)ir(®ir) =
mio,i1(xi1) = 1. Then the other backward messages are obtained in the backward order
from myrr—1)(®i(r—1)) to Mg (xin) and forward messages in the forward order from
mi1i2(Ti2) to M1y r(xir). All messages are calculated based on the graph potentials
in Equation (21), which can be computed analytically in conditionally conjugate Gaussian
models illustrated in the next two subsections. Then updatings of all the unary and binary
marginals are performed simultaneously according to Equation (22). Then the update of
distribution g(;.) can also be obtained via property (20) thereafter.

The alternate MP updatings lead to an efficient block coordinate ascent algorithm where
the dynamic structure of the same node is employed through MP within each block. When
updating each node, the time complexity for MP is O(T'), hence the overall complexity per
cycle is O(nT'). For linear state-space models, the established Kalman smoothing (Kalman,
1960) is often employed to obtain marginals of latent states efficiently. Our proposed algo-
rithm is closely connected to Kalman smoothing. Specifically, we perform MP for a chain
when updating each node, which is equivalent to Kalman smoothing for state-space models
only up to updating rearrangements (Weiss and Pearl, 2010). Similar to the variational
inference literature that uses Kalman smoothing in linear state-space models to replace MP
(Barber and Chiappa, 2006), our proposed algorithm can also be rewritten as blockwisely
implementing Kalman smoothing; see also Loyal and Chen (2023) for a parallel work in a
hierarchical network model using the variational Kalman smoothing approach. We stick to
the message-passing version of the proposed algorithm throughout the paper. Note that
both the SMF and MF variational inference optimization problems are non-convex and can
have many local minima. In order to make sure that the algorithms converge to a good
optimum, multiple random starts can be used. Furthermore, SMF has an advantage over
MF in that its optimization landscape may contain fewer local minima.

3.3 Gaussian Likelihood
We detail the steps of the SMF algorithm for a Gaussian likelihood:

1 {Yije — B — a0}
y ‘ X B H H \/%O’ €xXp | —« 20_2 :
t=11<i#j<n

where o is assumed to be known. Suppose at current step, the variational distribution
for node x;; follows the normal distribution N (p;, 2i:), and the MF updating of ¢(f)
has been already performed so that Egg) (B) = pp (provided in the supplementary ma-
terial). Since ¢(xit) and 1 i(;11)(Tit, Tjir41)) are proportional to Gaussian densities for
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x;+, the MP updating can be implemented in the framework of Gaussian belief propagation
networks. Given node i, suppose ¢ (x;) is proportional to N (@i fi;, Sit)7 which is the
density function of a NV (fi,;, X;;) distribution evaluated at ;. Denoting M i(e41) (Ti+1)) X
N(%(tﬂ);ﬂit—n’(tﬂ)»Eitm(tﬂ)) and mit,i(tfl)(mi(tfl)) X N(mi(t+1)§ “itei(t—l)vzitﬁi(tfl))a
and based on calculations of Gaussian conjugate and marginalization using the Schur com-
plement, we have the forward updating steps:

(new)

2
Fit i1y < —7T

35 B+ Ei_(g_l)%it“i(t—l)ait +ad (Vi — np)pj /o’
JF#i

)

e e 7t

~1
it,i(t+1) S+ Ei_(tl—l)—m‘t +a Z(/"’jt”}t + Ejt)/UQI :

J#

Similarly, for the backward updating, we have

2 | —1~ -1 2
“z(‘fj::‘]()t—l) A DY TP Ei(t+1)—>it"”i(t+l)—>it ta Z(Y;‘jt — pp)He/0 | ;
J#i
—1
4 | —1 —1 2
25?5(@:11) T B By e T @) (mjibty + je) fo } :
J#i

3.4 Bernoulli Likelihood

Next, we consider a Bernoulli likelihood
Po(Yije | By it zjt) = explaYij(B + xj@je) — alog{l + exp(8 + zj@;e)}],

where a larger value in —a},x;; results in a smaller probability that nodes i and j are
connected at time t. We adopt the tangent transform approach proposed by Jaakkola
and Jordan (2000) in the present context to obtain closed-form updates that are otherwise
unavailable. The tangent-transform can be viewed as MF variational inference under Pdlya—
gamma data augmentation (Durante and Rigon, 2019). Statistical analysis of the tangent-
transform for logistic regression was presented in Ghosh et al. (2022).

By introducing = = {&;;s : i,j =1, ...,n,t = 1,..., T} with A(&;:) = —tanh(&;;¢/2)/(4&j¢)
and C(&]t) = 5ijt/2 - 10g(1 + exp(fijt)) + {ijttanh(fijt/Q)/(élfijt) for any &jt, we have the
following lower bound on Py, (Y;j: | @i, ¢, B):

1
P (Yiji | B, @i, @j; Sijt) = exp |aA(&ije) (B + xjyxs0)” + <Yijt - 2) (B + zjyxj) + aC(&iji) | -
By replacing P (Yijr | T, xji, ) with its lower bound P, (Yij¢ | @it, j¢; &ije, 5), we can
update the posterior distribution of X in the Gaussian conjugate framework given the rest

densities. After updating all the blocks, &;;; is optimized based on EM algorithm and
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the property of A(¢;;) according to Jaakkola and Jordan (2000): {Z(;;ew E 3,018 +
i)’}

In summary, for Gaussian or Bernoulli likelihood, the SMF framework allows all updat-
ings in the Gaussian conjugate paradigm by only assuming independence between different
nodes in the variational family.

3.5 Updatings of Scales

The updating of scales can also be performed in closed form. Note that with the Gamma(c,, d,)
prior for 7, by the CAVI algorithm, we have

X;— X T-1 s — 1
i) o [ By | - y e e SR e

2

Equation (23) implies that the new update of 72 under CAVI follows a Generalized inverse
Gaussian distribution (Jorgensen, 2012) with parameter a = 2d,,b = Eq(X){Zthz | X —
Xi1|%/2},p = 1/2 — n(T — 1)d/2 — ¢;/2, where | - || is the Frobenius norm. Then
the moment required in updating X in Equation (21) can be obtained: Eg)(1/72) =

VaKy,i1(vab)/ {\/I;Kp(\/%)} — 2p/b, where K,(-) is the modified Bessel functlon of the
second kind. When p is large, overflow could happen in directly calculating the value of
K,(-). To address this issue, expansions of K,(-) can be performed in the logarithm scale,
which is implemented in R package Bessel (Maechler, 2019).

For the initial variance oy with prior (3), the inverse-Gamma conjugate updating can
be performed:

X, nd bo
q(a(z)) X exp [Eq(X) <_ I ; 12||F> _ ( + ag, + 1) log(ao) ;] . (24)
op 2 o

Hence we have a(()new)Q ~ Inverse-Gamma((nd + aq,)/2, {Eq(X)(||X1||%) + 2b,,}/2), which

implies H1/02 = Eq(ao)(l/a(%) = (nd + aao)/{Eq(X)(HXlH%‘) + 2b00}‘

The choice of the priors (3) of the scales leads to both the closed-form updating algo-
rithm in CAVI and the optimal convergence rate detailed in the next section. Finally, it
is important to notice that the above computational framework can be safely extended to
nodewise adaptive priors defined in Equation (4), whose details are in Section A.7 in the
supplementary material.

3.6 Theoretical Results for SMF

To show the theoretical result of the global optimizer of the proposed SMF algorithm. First,
we need the following Lemma, which is adapted from Lemma 3.3 from Yang et al. (2020)
to prove the convergence of the a-fractional variational posterior:

Lemma 6 (Variational risk bound of the a-fractional variational posterior) With
Py« probability at least 1 — & that for any probability measure gy < px, we have

[ e (X))} ()

T | o gy e+ P R,
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where gy (X)) is the global minimizer of the KL divergence under the a-fractional framework.

Finally, we show in Theorems 7 and 8 below that the Bayes risk bound from Theorem
3 and 4 is retained under the optimal SMF solution § by using Lemma 6. As an impor-
tant upshot, the point estimate obtained from the variational solution retains the same
convergence rate as the fractional posterior.

Theorem 7 (Variational risk bound for marginal VB families) Suppose the true data
generating process satisfies Equation (5), X* € PWD(L) with 0 < L = o(Tn?) and condi-
tions (8) and (9) hold. Suppose d is a known fized constant. Let e, p = L'/3/(TY3n?/3) +
Vdiog(nT)/nT. Then if we apply the priors defined in Equation (2), and either the following
(a) or (b) holds:

(a). choosing oo as a fized constant and 7% = c1{e,rL/(nT) + log*(nT)/(nT?)} for some
constants ¢; > 0 and obtaining the optimal variational distribution G(X) under the

SMF family q(X) = [1i2; ¢i(xi.);

(b). adopting priors (3) for og and T and obtaining the optimal variational distribution
G(X) under the SMF family q(X) = [1i=; ¢i(x:.);

we have with Py« probability tending to one as n,T — oo,

1 *
I R LA

In addition, if condition (11) also holds, we also have

T n 9
n(n— 1T Z Z ( LitLjt — 7,tmjt) < 6721,T- (25)

t=11i#j=1

Eqx)

Theorem 7 (a) and (b) correspond to the strategies adopted in Liu and Chen (2022)
and Bai et al. (2020) respectively. Theorem 7 (a) requires the tuning of hyperparameters,
which loses the adaptive property of posterior under the adopted hierarchical prior as in
Theorem 4. In Theorem 7 (b), the variational inference is performed within a marginal
family, resulting in a richer family than additional independence between X and 7, 0( as in
Equation (17). The optimization with respect to the marginal VI family, however, does not
have an analytical expression and will therefore require Monte Carlo approximations (see
discussions in Appendix C in Bai et al., 2020), which is not inconvenient as the algorithm
proposed towards VI family (17). Nevertheless, our following Theorem 8 shows that the
gap between computation and theory can be bridged.

Theorem 8 (Variational risk bound for SMF) Suppose the true data generating pro-
cess satisfies Equation (5), X* € PWD(L) with 0 < L = o(Tn?) and conditions (8) and (9)
hold. Suppose d is a known fized constant. Let e, = LY3/(T'/3n?/3) + \/log(nT)/nT.
Then if we apply the priors defined in Equation (2), and adopt priors (3) for oy and T and
obtaining the optimal variational distribution G(X) under SMF family (17), we have with
Py« probability tending to one as n, T — 00,

1
DL (X, X)) G(X)dX < €2
/ 7’L(7’L _ 1)T ( ) )q( ) ~ En,T
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In addition, if condition (11) also holds, we also have

T n

;N2
Eq) |+ nln— DT DS (mgt“’jt — T %*t) S e (26)

t=1i#£j=1

Theorem 8 is the main theorem in this paper that corresponds to the proposed algorithm.
It implies that the independence in the SMF family between X and 7, 09 does not bring any
damage to the convergence rate of the optimal variational estimator. Therefore, the pro-
posed VI algorithm enjoys the same adaptive property as the posterior under the adopted hi-
erarchical prior without any loss. The proof strategy of Theorem 8 has a key distinction with
Theorem 7: the mismatch between the hierarchical prior p(X, 7, 0¢) = p(X | T, 00)p(7)p(00)
and independent variational family ¢(X,7,00) = q(X)q(7)q(00) adds some complexity in
the analysis. We construct a candidate in the variational family, which leads to the opti-
mal rate. Specifically, for any chosen 7%, 0 that satisfy the condition in Theorem 7 (a),
construct q(X, 7,00) by restricting p(®;41) | ®it, 7*) to a neighborhood of f+) for all %
and ¢t > 1 and restricting p(z;1 | 03) to a neighborhood of &}, for all i. Also restrict p(7),
p(00) to a neighborhood of 7*, o (see Equation (A.14) in the appendix). Observe that such
a construction lies within the proposed SMF family (17). By an appropriate choice of the
size of the neighborhood, we can achieve

DKL(Q(‘X’ T, 00) Hp(X, T, 00)) 5 Tn(n - 1)62 T
In addition, by using the decomposition
Dgr(q(X,7,00) || p(X, 7, 00)) = Drr(q(7)|[p(7)) + DrL(d(00)||p(00))

_ q(X)
+/ /q X)log —————dXdrdoy,
(X) gp(X|T, o) 0
we are able to show that the selected candidate achieves optimal bounds for all three terms
on the right-hand side. We conjecture that this strategy is fairly general and can be applied
to mean-field inference for other Bayesian hierarchical models as well.

4. Simulations and Real Data Analysis

In this section, we will first provide simulation examples to illustrate our results. Then,
we will present two real data examples: the Enron Email data set and the McFarland
Classroom data set.

4.1 Simulation Experiments

We perform replicated simulation studies to compare SMF, MF and MCMC. Throughout
all simulation and real data analyses, we fix the fractional power a = 0.95. We also fix the
hyperparameters a,, = 1/2,b,, = 1/2 and ¢, = 1,d, = 1/2 whenever the prior (3) is used.
Simulation results for Gaussian likelihood can be found in Section A.9 in the appendix.
Binary Networks: 25 replicated data sets are generated from (1) with Yj;; ~ Bernoulli
[1/{1+exp(—2 + xfx;;)}] for i # j =1,..,nand t = 1,...,T with d = 2. The latent po-
sitions are initialized as x;; ~ 0.5N((1,0)’,0.5%I) 4+ 0.5N((—1,0)’,0.5%I) with subsequent

17



ZHAO ET AL.

draws from x;; = as t 2) + €;_1, where given any coordinate j for a fixed node i, we have
[€ij1, -y €557) ~ (1 — p)I + p11’)). The transition sd 7 controls the magnitude
of transition, and the auto correlation p controls the positive dependence. As a measure
of discrepancy between the true and estimated probabilities, we use the sample Pearson
correlation Coefﬁcient (PCC, which is also used in other literature, e.g, Sewell and Chen,
2017): S0 (zi —2)(yi — ) /v rq (i — )%/ /21 (yi — §) for two lists of probabilities
(z1,..., ) and (yl, ..yYn). The number of iterations until convergence is reported to in-
vestigate the computational efficiency. The stopping criterion is taken to be the difference
between training AUCs (area under the curve) in two consecutive cycles not exceeding 0.01.
To implement SMF and MF, we assume the initial variance to be og = 0.5. The prior for
parameter 3 is set to NV(0, 10).

We compared standard MCMC and SMF in terms of estimation accuracy and compu-
tation time for binary networks. We ran MCMC with 100, 200 and 5000 iterations using
a Gibbs Sampler algorithm, where each coefficient was sampled from its full conditional
distribution. For the MCMC chain, we discarded the first half of iterations as burn-in and
used the sample means from the last half of iterations to calculate the estimator. We then
compared this accuracy with SMF using the PCC with the true probabilities, as well as
considering computation time. We set the transition smoothness 7 = 0.01,0.05, 0.1, sample
size n = 10,20, 50, time point T = 100, and correlation p = 0.5. The simulations were
repeated 25 times for each setting. The results are presented in boxplot comparisons shown
in Figure 2 and Figure 3, which illustrate several noteworthy findings: First, the stronger
the dependence across time, the better the performance of SMF in terms of higher PCC
accuracy when 7 decreases from 0.1 to 0.01. This is because the computation of SMF in-
corporates the dependence across time, resulting in improved performance. However, for
MCMC, the weaker the dependence across time, the better the performance in terms of
higher PCC accuracy when 7 increases from 0.01 to 0.1. This is because the mixing of the
Markov Chain is affected negatively by the dependence across time. Similarly, for MF, the
weaker the dependence across time, the better the performance in terms of higher PCC
accuracy when 7 increases from 0.01 to 0.1, as weaker dependence will better fit the inde-
pendence structure of MF. Increasing 7 reduces the gap in estimation accuracy for MCMC
among iterations 100, 200 and 5000, indicating faster mixing of the Markov Chains. Overall,
SMF requires less computation time than MCMC and MF under the given settings while
achieving almost the best estimation accuracy, which is similar to MCMC with 5000 iter-
ations. This indicates that when the dependence across time is strong, SMF significantly
improves computation efficiency.

In Table 1, we report the median of PCC from 25 simulation experiments for binary
networks with n = 100 and 7" = 100. The comparison is between the true and estimated
probabilities for SMF with o9 = 0.5 and a known 7, versus adaptive SMF using (3). It’s
interesting to note that learning the initial and transition variances adaptively using the
prior (3) doesn’t lead to any loss of accuracy compared to when these parameters are known
as a priori.
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Boxplot of PCC by Method and lterations
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Figure 2: Boxplots comparing the estimation accuracy of Pearson Correlation Coefficient
(PCC) between the estimated and true connected probabilities for SMF, MF,
and various numbers of MCMC iterations. A higher PCC indicates better es-
timation performance for the corresponding method. MC100, MC200 and MC
5000 represent posterior means obtained after 100, 200 and 5000 iterations of
Gibbs samplers, respectively, with the first half of iterations discarded as burn-
in. Among all cases, SMF achieves a similar level of estimation accuracy with
MCMC with 5000 iterations.

Boxplot of Time by Method and lterations
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Figure 3: Boxplots comparing the computation time for SMF, MF, and different numbers
of MCMC iterations, as simulated in Figure 2. MC100, MC200 and MC 5000
represent 100, 200 and 5000 iterations of the Gibbs samplers, respectively. Re-
markably, SMF exhibits the shortest computation time while almost achieving
the highest level of estimation accuracy in Figure 2 across all cases.

19



ZHAO ET AL.

T 0.01 0.1
p|0 0.4 0.8 0 0.4 0.8
Adaptive SMF | 0.885 0.888 0.892 0.880 0.910 0.914
SMF | 0.887 0.881 0.898 0.897 0.912 0.904
T 0.2 0.3
p|0 0.4 0.8 0 0.4 0.8
Adaptive SMF | 0.907 0.915 0.918 0.908 0.919 0.923
SMF | 0.895 0.918 0.915 0.904 0.919 0.931

Table 1: Performance comparisons for binary networks between adaptive SMF and SMF
with known initial and transition variances. The measure compared are the me-
dians of Pearson correlation coefficient (PCC) between true and estimated proba-
bilities of the repeated simulations.

4.2 Enron Email

Using the Enron email data set (Klimt and Yang, 2004), we compare our model with
the latent space model with the same likelihood but with an inverse Gamma prior on
the transition variance. Enron data consists of emails collected from 2359 employees of
the Enron company. From all the emails, we examine a subset consisting of n = 184
employees communicating among T = 44 months from Nov. 1998 to June 2002 recorded
in the R package networkDynamic (Butts et al., 2020). The networks depict the email
communication status of employees over that period. The edges in the network are ones
if one of the corresponding two employees sent at least one email to the other during that
month. According to the data set, all networks are sparse and many edges remain unchanged
over time. The aim of this study is to determine whether shrinkage on transitions induced
by Gamma prior on transition variance can be beneficial for sparse dynamic networks.
With the dynamic networks, we consider all the edges to be missed with probability p =
0.01,0.02,...,0.1 independently, train the two latent space models without the missed data,
and then make predictions based on the missed data. We use two criteria for comparison:
the testing AUC score and the ratio of true positive detection over all missed edges, which
is defined as the ratio of predictive probability greater than 0.5 when the true edge value
is 1 over all missed edges. Since all networks are extremely sparse and negative predictions
are trivial, the second criterion above is meaningful. The same SMF variational inference
method is used in both latent space models. In both of the latent space models, we assign
a latent dimension of 5 (more results about d = 2,3,4 are provided in Section A.9 in the
appendix), the same initialization and stopping criteria. The variational mean of the latent
positions is used to estimate the latent positions.

Figure 4 illustrates a performance comparison between the two approaches. The Gamma
prior leads to a better fit based on the AUC comparison (left subfigure) and improves the
detection of missed links (right subfigure). A Gamma prior shrinks the transitions more
compared to an inverse-Gamma prior so that if two employees communicate at time t, the
predictive probability for them to communicate at time t 4 1 is high.
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Figure 4: Comparisons of latent space models between Gamma or Inverse Gamma priors
on the Enron email testing data.

4.3 McFarland Classroom

McFarland’s streaming classroom data set provides interactions of conversation turns from
streaming observations of a class observed by Daniel McFarland in 1996 (McFarland, 2001).
The data set is available in the R package networkDynamic (Butts et al., 2020). The
class comprised of 2 instructors and 18 students. Of the 2 instructors, one is the main
instructor who lectured most of the time, while the other is an assistant. During the class,
the instructors began by providing instructions to all students. Then, the students were
divided into groups and assigned collaborative group work. The two instructors oversaw
the activities across the groups to assist the students. Here, we aim to compare MF and
SMF via prediction accuracy and visualize the dynamic evolution of the latent positions.

We divide the entire class time into 8 equispaced time points. The edges of each of the
8 networks represent whether the two nodes interacted related to the study task during the
entire time period. We chose d = 2 for visualization purposes. A A/(0,10) prior is placed on
the intercept and the prior (3) is adopted for both SMF and MF. First, we compare SMF and
MF in terms of prediction accuracy. For ¢t = 3,4, ..., 8, the first t — 1 networks are used as the
training data, while the ¢-th network is used as the test data. The estimated latent positions
at time point ¢ — 1 are used to predict the probabilities of edges between any two nodes at
time t. Then the test AUC scores are obtained from the above-estimated probabilities vs.
the true binary responses at time point ¢t. We repeat the process for 25 times with different
initial values. The boxplots of the test AUC scores for MF and SMF are shown in Figure 5.
From the figure, we can see that except for time point ¢ = 5, where the network structure
changed significantly and the dependence from previous time points may not be meaningful
(see Figure 8 for the change of the connections), SMF consistently performs better than
MF, which again testified to the ability for SMF to capture the dependence across time
better.

Next, we implemented SMF with the networks at all 8 time points under the same hy-
perparameter specification to visualize the dynamic evolution of the latent positions. Since
the latent positions estimated directly from the algorithm are not identifiable, Procrustes
rotation is performed (Hoff et al., 2002) where the latent positions of time ¢t = 2,..,T are
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projected to the locations that are most close to its previous locations (t = 1,...,7 — 1)
through Procrustes rotation. Observe that the inner product is invariant to this trans-
formation. Figure 6 shows the dynamic evolution of the variational mean of the latent
positions for both students and instructors (an animated version of Figure 6 is provided
in the supplementary material). At time point 1 (i.e., at the beginning of the class) the
students indexed by {1,...,20}\{7,14} are approximately grouped into the following clus-
ters (6,11,15), (3,8,13), (10,12,4,5), (1,18,9), (2,19) and (20,17,16). The locations of
the students remained the same until time point 4. From time point 4 to 5, the inner-group
distances between (1,9,18) and (4,5, 10,12) became smaller, which reflected the real sce-
nario that the students were assigned into groups. Then the group structure of the students
remained similar for the remainder of the class. Overall, the evolution reflected the collab-
orative behavior between certain groups as they performed specific tasks during the class.
As a point of comparison, we also obtained dynamic visualization of the networks via MF
(Figure 7) and the popular ndtv package (ndtv: Network Dynamic Temporal Visualiza-
tion, Bender-deMoll and Morris, 2021). Although ndtv package is known for its dynamic
networks visualizations through animations, static snapshots of the visualizations can also
be created using filmstrip function (Figure 8). First, unlike Figure 6, the latent positions
estimated via MF in Figure 7 did not have a smooth temporal evolution, as the MF as-
sumed independence across the time points. In addition, compared to our visualization in
Figure 6, results from the ndtv package in Figure 8 lacked a clear pattern of the network
evolution. For example, the students indexed {1, 18,9} stayed close to each other at time
points t = 5,6, 7 in Figure 6, while in Figure 8, 18 is far away from (1,9) at time ¢ = 6, while
being connected to 1 at the neighboring time points ¢ = 5,7. A similar phenomenon can
be seen for student indexed 5 at time ¢ = 5, where in Figure 6 it is close to (4,10, 12) while
in Figure 8 it is not. The ability of our methodology to borrow information across time
is specifically due to the Markovian structure (2) imposed on the evolution of the latent
positions endowed with the Gamma prior (3) on the transition variance, allowing sufficient
probability near the origin. Thus our methodology revealed a more realistic pattern in the
evolution in Figure 6 compared to MF and ndtv as most of the detected changes remained
concentrated in time ¢ = 4,5 for the students (when the students formed groups) and 5,6, 7
for the instructors (after the instructors began assisting the students).

5. Discussion

There are a number of potential extensions of the proposed methodology and theory in this
article. Properties of the Gaussian random walk prior is crucially exploited in our theory
to obtain the optimal variational risk. It would be interesting to explore similar theoretical
optimality results for Gaussian Process priors (e.g., Durante et al., 2017b). Moreover, the
theoretical analysis of the lower bound can be extended to the case that the true latent
positions evolve smoothly over time, like in Pensky (2019).

From a methodological point, it is of interest to explore how to perform community
detection after estimating the latent positions. As the latent positions are characterized as
vectors in Euclidean space, it is natural to consider some distance-based approaches like
K-means for clustering. Adapting to the dimension d of the embedding space is also a
challenging problem. Finally, it is also interesting to explore dynamic latent space models
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Figure 5: Boxplot comparing AUC Predictions between SMF and MF for Time Points ¢t = 3
to 8, using different algorithm initializations based on networks from previous
time points. SMF outperforms MF consistently, except at time point 5, where
significant structural changes in the network may hinder the benefit of temporal
dependencies across time points.

with other complex data to fit real-world scenarios, such as continuous-time networks (Loyal,
2024) and dynamic networks with sudden structural changes (Zhao et al., 2022).
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Estmated Latent Positions at Different Time Points via SMF
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while the bottom row represents time points 5, 6, 7, and 8. The edges between two nodes imply the interaction between
the two observations within the corresponding time. Each number associated with the point is the index of the node.
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Dynamic Networks Visualization via ndtv
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Figure 8: Visualization of the network dynamics from time point 1 to 8 for McFarland classroom data set using R package ndtv.
From top left to top right, we have t = 1,...,4; from bottom left to bottom right, we have t = 5,...,8. Each number

associated with the point is the index of the node.
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Appendix A. Appendix
A.1 Proof of Theorem 2

Within the networks, we adopt the hypotheses constructions for some low-rank matrices,
while among the networks, we adopt the test constructions similar to the constructions in
total variational literature (Padilla et al., 2017).

For U = {U}L ;| with U; = [ug, ..., upe) and V = {V,}1 | with V; = [v14, ..., vpr]/, let

T n
PUYV) =D > (whug — vivs)?,

t=1i#j=1

and
n

(U, Vi) = Y (whug — vjvj)°.
i#j=1
Hypothesis constructions for the low-rank part
First, we need the following lemma to obtain sparse Varshamov-Gilbert Bound under Ham-
ming distance for the low-rank subset construction:

Lemma 9 (Lemma 4.10 in Massart, 2007) Let Q = {0,1}" and 1 < s < n/4. Then
there exists a subset {w®, ..., w™} c Q such that

1 Jw®|og=s forall1 <i< M;
2. |Jw® —wW|g>s5/2 for0<i#j<M;
3. log M > cslog(n/s) with ¢ > 0.233.

Let Qy = {w®, .., w™} ¢ {0,1}(»=4+1/2 constructed based on the above Lemma
(the construction holds under n —d + 1 > 8). For each w, we can construct a n x d matrix
as follows:

1
w v 0 : w n—d+1
U" = 0 I, with v" = 1 eR sw e Qy (A.1)
cw

where the first (n —d + 1)/2 components for v* are all ones.
The effect of this construction is that: for different wi,wy € Qy/, since s/2 < ||w; —
wallo < 2s and [|[UY||r < v/n, we have

do(U",U"?) < |UU™ —UU ™ |p < U (U™ =U")|[p + (U™ = U“*)U"|
< 2y/n|| U™ —U™?||p = 2/n|jv"" — 02|z < 2v2nse.

In addition, consider A := {i+ (n—d+1)/2 :wi; #0}, B:={j+(n—d+1)/2: wy; # 0},
C := AN B, where wy;, wy; are i and jth component of w; and wy. We have |C] < s/2,
|A—C|>s/2and |B— C| > s/2. By direct calculation, we have

—d+1

BUv,Uv?) = ' d (0ol — vfPe2)?

0 ) i Y i g :
i#]
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By only considering the sum for i € {1,...,(n—d+1)/2},j € A—C where v;"* =v;? =1

vt =€ and v;? = 0 and i # j, we have
(n—d+1)/2
2 w w 2 S(Tb—d—‘rl) 2
dO(U laU 2) > Z Z (E'UJlj —Eng) > 74 e”.

i=1  jEA-C

Hypothesis constructions for the total variational denoising part

As in the total variation denoising literature, we partition the set {1, ..., 7'} into m groups
S1,82, ..., Sp such that S; ={1,...,k}, So ={k+1,...,2k}, ..., S;m={(m -1k +1,....,T},
where k will be decided later. Then we have k(m — 1) +1 < T < km. For simplicity, we
assume the partition is even T' = km, otherwise we can consider T = km, which has the
same rate with T since km > T > km — k + 1. As in the literature in nonparametric
regression, we need to obtain the optimal order of k£ or m.

Let wg = [0,...,0) € R"=4=1/2 and

1
0 _ v 0 : wo _ | n—d+1
Ulo Id—1‘| with "0 = 1 eR
wo

and U’ = [U", ...,U"]. We need the Varshamov-Gilbert Bound 9 again to introduce another
binary coding: let 2, = {¢!), ...,¢(M0)} C {0,1}™, such that 16@|lo = so with so < m/4
for all 1 < i < My and and [|¢® — @]l > s9/2 for 0 < i < j < My and log My >
csolog(m/sg) with ¢ > 0.233. The construction holds under m > 4.
Then the construction is based on a mixture of product space of 2;; and group structure
for S1,...5m:
0, = {xwe) .
x =u, vies; it ¢ =1,
x" =0 wies; if ¢;=0,

w' € Qp, Vi=1, ..., 80, w' are chosen with replacement, ¢ € Q,.},

(A.2)

For example, when ¢ = (0,1,0,1,0,1,...), ng’d)),..,Xng’@ is:

1) (1 2 2)
vo, .. v, o, ot oo, o0, ot oL
|11 |52 IS5 ||
We have |© = MyM*°. In addition, for U,V € O, we have

T
s(n—d+1)
PUYV) =3 BUL V) = kso=—g——¢"

Besides, the KL divergence between any elements U € O, and U can be upper bounded:
Drr(Py || Py) < Cod*(U, V) < 16Coknsose?, (A.3)
for some constant Cy > 0 (Co = 1 for the binary case, Cy = 1/(202) for the Gaussian case).

We use the following lemma to finally obtain the minimax lower bounds.
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Lemma 10 (Theorem 2.5 in Tsybakov, 2008) Suppose M > 2 and (O, d) contains el-
ements Oy, ..., O such that d(6;,6;) > 2s > 0 forany0 <i < j < M and Zf‘il Dy (Py,, Po)/M <
alog M with 0 < o < 1/8. Then we have

o vV M 20
inf sup Py(d(0,0) > s) > —— |1 —2a — .
6 eeg 6(d(9,6) ) 1+vVM log M

To adopt the above Lemma, it suffices to show

16Coksgsne® < alog(MoM*°) = alog(|O.|),

with o < 1/8. Let s = (n —d — 1)/8, so = m/4, according to lemma 9, it’s enough to set

Tn(n — 1)62 < cmlog4 n em(n —d—1)log4 _ em(n —d+ 7)10g4’

A4
- 4 16 16 (A.4)

with ¢ = 0.233/C).

Minimax rate for point-wise dependence
Based on our construction, 2(m—1)se < L should be satisfied, and we consider the following
different cases:

Case 1: If there exist constants cg, ¢y > 0 such that ¢j/vnT < L < ¢o(T —1)n'/?, which
results in 1637 L2/{4sclogd} < T(T — 1)?, and 163T'L?/(4clog4s) > 36 = 4 x (4 — 1)2.
Therefore, since n > 2d, by assigning e = L/{2(m — 1)s} it is enough to let m satisfy

TL? 4emslog4
<

(m—1)2 — 163 ’
which is 3o
16°TL
—1)?2> ——— A5
m(m —1)" 2 4clogds’ (A.5)

and m can be chosen within 4 < m < T. Let m be the least integer such that the above
inequality hold, then there exists a constant ca, such that m < coTY3L2/3n=1/3 which
implies

— 1
ksos(n d+1)

e > Lin3Ts.

Case 2: If there exists a constant ¢y > 0 such that L > ¢o(T — 1)y/n, which results in
163TL?/{cslog4} > T(T — 1)?, then we choose m = T, € = cy/+/n such that (m — 1)se <
co(T — 1)y/n < L/2. Then
s(n—d+1)

8

Case 3: If L < ¢ /v/nT for some constant ¢ > 0 such that the least integer solution of in-
equality (A.5) satisfying m < 4. Then the above hypothesis construction in Equation (A.2)
doesn’t hold. Instead of considering the construction in Equation (A.2), we consider T
copies of the same matrix, which implies the choice of m is 1. Note that the constraint on
the norm of the difference of the matrix is automatically satisfied when all matrices are the
same. By constructing the following subset

ks = Tn.

O, = {x® . X" —pyv, vi=1,.,T, weQy} (A.6)
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the KL divergence between any elements U € O, and U can be upper bounded:
Drr(Py|| Pyo) < Cod2 (U, Vi) < 16CoTsne?, (A.7)
for some constant Cy > 0. Then it suffices to let

c(n—d—1)log4
16

16T sne* < < alog(M).

Therefore, based on the above equation, we need to choose € = /1/(nT'). Then we have

ksos(n —8d +1)e? >

Finally, based on Markov’s inequality, by combining the above three cases, we have

2
1 .\ Lz 1 1

inf sup Ey |—————d2 X,X} >mind ——, — » + —.

¥ xeo, " Tn(n—1) ( )| = {néTi n} nT

Therefore, the final conclusion holds.

A.2 Proof of Theorem 3

Proof As discussed in Bhattacharya et al. (2019), under the prior concentration condition
that 2
(B, 7(X*;€en)) > e~ Tn=e, o

we can obtain the convergence of the a-divergence:

1 —
Da(pivspivr) = —— log [ () (pe)

Based on calculation, for Gaussian likelihood, we have max{Dxr(px,px+), Vo(px,px+)} S
iz it (T T — :cztwjt) where Va(px,px+) is the second moment of KL ball. For the
Bernoulli likelihood, by Lemma 14, we have

T n
Dir(px,px+) = /PX* 108; p < Z Z (xfje — ;})2-

Moreover, we have

L 1 — Do ,:1:
Vé(px,p,\/*) = /p/\’* log d:u’ < Z Zszztv%t i ) +2(1 —Daz, 5 )(log 17t)2
iAj=1t=1 pwltv%t Y
(A.8)

Under the conditions that pyy .- =1 /{1 + exp(— wltw ¢)} is bounded away from 0 and 1.

The right hand side of Equation (A.8) is bounded above by 37, ., ;(z, @t — x}; :cjt) multi-
plied by some positive constant. Therefore, we also have max{Dxr(px,px+), Va(px,px+)} <
Z#j’t(az;twﬁ :tha: ) for the binary case. Hence we only need to lower bound the prior
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probability of the set {32, .; (z}@jt — :B;‘t/wjt)Q < n(n—1)Te*} O {max, max;;(z),x; —
acztac )2 < €2}, Given i # j,t we have

!
‘w;twjt ztx < |[(z w;kt)w}kt‘ + ’wgt(wjt - w;t)’

< mng i = 2z ll2(l2ie — 25ll2 + 2[|@5[l2) < max (i — 2|2 (2 — 25l2 +20).
Then when max; ||z — x4 ||2 < €/{(2+ c¢o)C} < C for some constants ¢y > 1, we have

max [|@i — @[l2(2C + [[@i — 25 [|2) < m?’c < e
Denote Ep = max; ||z —x}[[2 < €/{(2+c0)C}, En = {max; j |(Xijr—Xijn)— (X5 —X51)| <
€0}, Bo = {max;; | X1 — X1 | < eo} with eg = €/((2 + c0)CV/d). Then we have

T(Eo) > TT (E1) 11 (Ey) = [ 11 <sup | Xije — Xl < 60> [T (1X1 = X5l < o)

,J 4,J

where Xijt = Xijt — Xijl for all i,j, t.

Given i, j, &t ~ ./\/(0 T ) for t > 2, we can denote Xijt = ZS 1&ijs and ( ij29 ...,f(ijt)' ~
N(0,%). Denote &} (Xz*ﬂ, .. XZ*Jt)’ Based on multivariate Gaussian concentration
through Anderson’s 1nequahty, we have

(E;) > HP <sup | Xije — Xl < 6())
t>
7]

Lug ) 5
> Hexp 5 Tij=o Fij )T (Slip | Xt < eo> .

By the definition of 3y, we have

2
it tl it tl)
:_Z X m —_Z Xij w( )Y

20 x5

where X 1 = 0. For the second factor in Equatlon (A.9) , given i, j, we consider a Gaussian
process {XZ]( ),0 < s < 1} induced by (Xjj2, ..., X;j¢) such that Xij((s: 2)/(T-2)) = Xijt,
Xij(0) = 0 and all other values are obtained through interpolations: Xj;(s) = woX;(—1) +
(1 —wo)Xije Ywo € (0,1) with s = wo(t—3)/(T'—2)+ (1 —wp)(t —2)/(T —2). Then clearly,
we have

H< sup | Xij| < 5) ZH(sup 1 X5 ()] S(S),
t T

s€0,1

for any 6 > 0. Denote o?(h) = E(X(s + h) — X(s))> = hT7%. Then o%(h) is linear in h
hence concave. In addition, o(h)/(h'/?) = VT72, which is non-decreasing in (0,1). Based
on Lemma 13, we have

T

II( sup |X(s)| <6)>Cy exp(—C3—)
0<s<1 0
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for § > 0 with constants C3, Cy > 0.
Therefore, for some constant Cs, Cy > 0, we have

T * * 2 2
X; — X7 nl'T
[(Ey) > Gy oxp [—Z I1X; Xi e o X ]
=2
N R (A:10)
> Cyexp —anaX 5 —C5——|.
= 27 €

For PWD, with condition (9), we have

—C2I2 Tnr?
I(E,) > C -0 s —].
(E1) = Cyexp [ 2nT'72 e
Moreover, by taking that
7% = eL/(nT)
we can obtain

L
logII(Ey) 2 ——.
€

For the initial error concentration II(Es), by the mean-zero Gaussian of X;;; for all 4, j,
we have the concentration:

1 X3

I(Ey) = [ (1 X, — X5 <€) > —— exp(— Wly(ge)nd
() =11 (i = Xl < e0) 2 e ex 25032

* (]2
2 exp [— ||)2(0102||F —nd — ndlog(%) .
Note that o is a constant and || X% = O(n). We have logII(E2) > —nlog(1/e).

Then the rate e, = LY/3T~1/3p72/3 1 /log(nT)/nT can be obtained by letting the
smallest possible €, 7 such that n(n — 1)Te%7T 2 max{L/e,r,nlog(1/e,1)}.

Finally, this additive rate helps in the choice of the transition 7. In particular, when
L < log®?(nT)\/n/T such that L'/3T~/3n=2/3 < |\ /log(nT)/nT, the choice of 7 can be
relaxed as long as —logII(E;) < nlog(nT). Therefore, let 72 = log?(nT)/(nT?) in this
case, we have

Tnt?/é2 r <nlog(nT), and L?/(nT7*) = nlog(nT). (A.11)

n,d ~
Therefore, the final choice of 7 that guarantees the optimal convergence rate satisfies 72 =
log?(nT)/(nT?) + epr L/ (nT).

By Theorem 3.1 in Bhattacharya et al. (2019), the prior concentration II(B,, 1 (X*; €,.7)) >
exp(—Tn(n — 1)6%771) implies that the posterior contraction of the averaged a-divergence
for any 0 < a < 1 is at the rate efz’T. For the Gaussian case, by the direct calculation
(Gil et al., 2013), we can obtain that the a-divergence is lower bounded by the squared
loss function up to some constant factor when the variance of the likelihood is fixed. For
binary case, based on the boundness of the truth and Lemma 16, which indicates that the
1/2 divergence is lower bounded by the squared loss function up to some constant factor,
we can achieve the results in equation (12).

|
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A.3 Proof of Theorem 4

Proof Let 032 =1 and 72 = ¢, 7L/(nT) + log*(nT)/(nT?). In the proof of Theorem 3,
we show the prior concentration conditional on oy = cjo5 and 7 = co7* for any constants
c1,co > 0 is sufficient:

—log{Il(B,, 7(X*;en1) | 107, c27")} S Tn(n — 1)6%7T.

Therefore, by limiting on the subset N (o, 7*) = {|00 —od*| < 02*/2, |T? — | < 1% /2}
we have —log II( B, 7(X*;€,) | 00,7) < Tn(n — 1)é2 - Then

/N oo BT (X5 60) L0, I o0)
oq,T*
> P(|r2 — 2| < 7/2) P(j0? — 01| < 01?/2) exp(~Tn(n — 1)eoe? 1),

for some constant ¢g > 0. For og, with the Inverse-gamma(a,, bs,) prior where a,, by, are
constants, we have

P(lo§ — o3?| < 03%/2) = P(1/2 < 0§ < 3/2),
which is a fixed constant. For 7, with the Gamma(c,, d;) prior where ¢;, d, are constants,
we have
3en, 7L/ (2nT)+31og?(nT)/(2nT?)
Pt -2 < 22) = [ feratr ()7
en, 7L/ (2nT)+log?(nT)/(2nT?2)

ferar (72) {en L/ (20T) + log? (nT) / (2nT%) }

m.
|7—2_7-*2|< *2/2

where f._q.(72) is the density function of Gamma(c, d;) prior. When |72 — 72| < 7*2/2,
we have

“logf , min fooq. ()} £ 7~ loa(r*) S eurL/(nT) + log?(nT)/(4nT?) + log(nT).

Note that €, 7 = o(1) due to L = o(n?T'), we have
en,rL/(nT) S L/(nT) Sn S nlog(nT) S n(n— 1)T6nT

In addition, log?(nT)/(4nT?) 4 log(nT) < n(n — 1)Te72%T holds.

Moreover, we also have —log(e,rL/(nT) + log*(nT)/(2nT?)) < log(nT) < n(n —
1)T6%L’T. Therefore, we showed that under the prior I, it holds that —logIT(|7% — 7*2| <
72/2) < Tn(n — 1)6%771. Hence we have

(B (X*5€n)) 2> exp(=Tn(n —1)Me;, 1)

for large enough constant M > 0. With the choice €7 = vV Mep 1, we showed that the
prior concentration is sufficient enough, and the rest of the proof is similar with Theorem 3
by applying Theorem 3.1 in Bhattacharya et al. (2019). |
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A.4 Proof of Proposition 5

Suppose ¢(5), q(7), q(oo) and ¢(x;.),j # i are given. By the definition of ELBO and
Equation (18), we have

71
ELBO = ) /Qit,z‘(t+1)($it,ﬂfi(t+1))10g¢it,i(t+1)(ﬂfit7ﬂfi(t+1))dX
=1
T
+/Qit(mit)10g Git(it)dX — Z/Qit(a3it)10g qit(xir)dX
=1

T—1

- Z /%’t,i(tﬂ)(iﬂz‘t,xi(t+1)){10ng't,i(t+1)(iEz‘t,wi(t+1))
t=1

— log qit(xit) — 108 @(¢+1)(Ti(t41)) ydX + other term.

By introducing Lagrange multiplier Ay ji41)(®i(t41)) and Aig ii—1)(®;—1)) for the marginal-
ization conditions, for the term related with qit’i(tﬂ)(zcit, Ti(141)), we have:

dit,i(t+1) (x4t wi(t—i—l))
Qit(Tit) Gie41) (Ti(e41))

log Vit it41) (Tit, Tit41)) — log — Niti(t41) (Zi(e41)) — Niges1),i(Tit) + constant = 0.

For the term related to g;:(x;), we have:
log @it (Tit) — 1og it (Tit) + Ni(e41),it(Tit) + Nie—1),i¢(®it) + constant = 0.

Then by combining the above result, we have:

Git(Tit) o< Pit(xit) eXp<)‘i(t+1),it<wit) + )‘i(t—l),it(wit))' (A.12)

Moreover, we have

it it4+1) (Tits Tiger1)) X Dit (Tit) Pigeg1) (Ti(e1)) Vit ie+1) (Tit, Tir41))

(A.13)
- exP(Nj(r42),i(t+1) (Tie+1)) T Aigp—1),it(Tit) )-

Finally, based on the marginalization property of gy j41)(®it, Tit+1)), we have the back-
ward updating:

exp(/\i(t—f—l)ﬁ(wit)) X /¢i(t+1)(J7i(t+1))¢it,i(t+1)("1«’z‘t;wi(t+1))eXp()\i(t+2),i(t+1)(xi(t+1)))dxi(t+1)
and forward updating:
exP(Aitit+1) (Ti(e+1))) X /¢it(ﬂ3it)¢it,z‘(t+1)($it,$i(t+1))eXP()\z’(t—n,z’t(iﬁit))deit~

Let mz‘t,z’(tﬂ)(fﬂi(tﬂ)) = eXP()\it,i(t+1)($i(t+1))) and mit,i(tq)(mi(tq)) = eXp(/\it,i(tfl)(mi(tfl)))-
The Equation (22) directly follows Equation (A.12) and (A.13) after plugging in the forward
and backward messages and therefore the proposition is proved.
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A.5 Proof of Theorem 7

Proof The proof is based on Theorem 3.3 in Yang et al. (2020), where we need to provide

PY|X)
/1 oIy DG

upper bounds for

and

Drer(q(X) [|p(X)),

where ¢(X) is a variational distribution in the SMF family and p(X) is the prior. Based on
the definition of Ey in the proof in subsection A.2, we have

Byr(X5€) 2 By i= {max |z — @z < eo},

with €9 = c1€,,1, for constant ¢; > 0. The above constraint can be written in a separate
form:

Eo = Ni{l[@i — 22 < eo}-
Then we can choose ¢(X) in the following way:

n T n

q(X) o< [T T p(@it | @ie—1)) 1{llzie — &, ll2 < €0} [[ p(za) 1{[|ir — 21|12 < €0},
1=1t=2 =1

where p(x; | :Ui(t_l) and p(x;1) are components of priors. Note that the above variational
distribution belongs to the SMF distribution family. We prove the above two bounds based
on the current construction of ¢(X). First, by Fubini’s theorem and the definition of the
prior, we have

o {_ /X ¢(X) log mdx]

_ / B [log 8; ||j:3)} g(X)dx

/(X )DKL[ YV X) P Y| X)) q(X)dX < n(n—1)Te

Similarly, for the variance, by Jensen’s inequality and Fubini’s theorem, we have

Var - [/X ¢(X) log ]f((;’ ’| j:ﬁ)czx}

< Ex-« {/X q(&X) log md&’}

Va[P(V [ X*)|IP (V| X)]q(X)dX < n(n —1)Te?
B (X*,€)

IN
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Therefore, by Chebyshev’s inequality, for any D > 1, based on the first and second moments
of the above bounds, we have

P X)
Py [ /X () 08 535 gy X < ~Dinn — 1)T62}

< Py- {AQ(X)loglm
_E{/X 4(X) log ((y |‘ ii))dX} < —(D—1)n(n— 1)T62]

PY|X)
Py|x*)

dx

< Var y- [/X q(X) log

< 4
— (D —-1)2n(n—1)Te?

dX} / (D =17n%(n - 1272

holds with probability 1 — 1/{(D — 1)?n(n — 1)T?}.
This proves that when n(n — 1)Te — oo, we have

POYIX) 2
/1 POy gy dA)AX < Dnln —1)Te
with probability converging to one.

In addition, based on the construction of the variational family, we have

Drr(q(X)][p(X)) = —log(IL(Ep)),

since for any probability measure p and measurable set A with p(A) > 0, we have Dy (u(- N
A)/p(A)||p) = —log(u(A)). By the proof in subsection A.2, we have —log(II(Ep)) <
—log(II(E1NEL)) < max{L/e,nlog(1/e)} for PWD(L) with Lipschitz condition. Therefore,
the convergence of the a-divergence follows by Theorem 3.3 in Yang et al. (2020). Finally,
the a-divergence is lower bounded by the loss according to the final part of the proof of
Theorem 3.

|

A.6 Proof of Theorem 8

Proof Note that the prior now satisfies p(X, 7,00) = p(X | 7,00)p(7)p(00) and the vari-
ational distribution instead satisfies q(X,7,00) = [1i; ¢i(xi.)q(7)q(00). Let o> = 1 and
72 = ¢, 7L/ (nT) + log?(nT)/(nT?), we consider the following variational distribution:

s
i~

(X, 7,00) P(@it | ®i¢—1), ) UH{||@ir — @ll2 < crénr}

1

-
Il

% 2

n . . A.14
« [T p(@a | o) 1{lzis — @hlls < crenr) (A-14)
=1

xp(T)1{r*? < 1% < T*Qeei’T}p(Uo):ﬂ_{USQ <oi< ngeE"T},
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where ¢ is the constant used in the proof of Theorem 7. Given the prior, we still check the
conditions

/l ;}";/* q(X,7,00)dXdrdog < Tn(n — 1)63’T (A.15)
Drr(a(X,7,00) || p(X, 7. 00)) S Tn(n —ep z (A.16)

First, the condition (A.15) directly follows the proof of Theorem 7 given the MF structure

q(X,7,00) = q(X)q(7)q(o0).
Then by the chain rule of KL divergence, we have

Drr(q(X,7,00) || p(X,7,00)) = Drr(q(7)|lp(7)) + Drr(q(o0)|lp(o0))

q(X) (A.17)
+/q(7‘)q(oo)/q(X) log dedeao.

With the Gamma(c,, d,) prior and €, 7 < 1, we have

D1 (q(r)|[p(7)) = —log(P(*? < 72 < 7% 1))
< —log(  min | foq (7P (eRT 1))

2 r2<r*2en, T
©) . A.18
< —log(y) ~log(  min _ fo (7)) (A.18)
22 o2 n,T
(32) ) )
S Ton-Der—log( min | foa ()
2 2 20, T

where in (i) we use e — 1 > x for any x and (i) is because € > log(nT)/(nT). In
addition, by a similar approach with proof in Theorem 4, we have

—log( min  feq (%) S 7%~ log(r*?) S n(n—1)Te, 1.

2 2 20, T

With €, < 1, we have 1 < 03 < e in the constrained region, where the density of
Inverse-Gamma(ae, , by, ) is lower bounded by a constant. Hence,
%2 €2 2 © 2
D1 (a(o0)[[p(00)) = —log(P(05* < o < o3%e™1)) < —log(er, 1) < Tn(n—1)eg 1,
(A.19)

where (i) is due to 6%,7‘ > log(nT)/(nT). For the third term of the KL divergence, we have

q(X) p(X|7", 07) . %
q(X)log —————dX = q(X)log ————=dX — log(Il(Ey | 7%, 07)).
Janos it sax = | a(xyios RN ax —tog(1(Ey | 7, o5)
Note that we already have —log(II(Ey | 7*,0()) S Tn(n — 1)6%7T by the proof of the prior
concentration in subsection A.2.
Moreover, we have the density,

1 WT-0d o nd o IXE SR X - Xl
mmnm—wgwwm{lew—Qmmw»% - 372
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which implies that

p(X|t*,05)  n(T —1)d oy n(T—1)d w2y nd 9y nd 2

1 = 1 R —— A | — 1 - —1
8 (Xr.o0) 5 og(77) 5 og(7*7) + 5 og(0p) 5 og(ag”)
+HX1H% XAl n Yo X — XeallF S 1Xe - XealF
208 2052 272 27*2 ’

With the constrained region 7*? < 72 < 7*2%¢ . and op? < of < of’e <. T, we have,

pXlroy) T dy o
p(X|T7O'0) N 2 n

log T S Tn(n - 1) nT7

which implies that the third term of the KL divergence (A.17) is also bounded by Tn(n —
1)6%771. Therefore, we proved that condition (A.16) is satisfied.

Finally, the conclusion holds by applying similar arguments in the final part of the proof
of Theorem 7.

|
A.7 Nodewise Adaptive Priors
In this section, we consider the likelihood (1) with nodewise adaptive priors:
x;1 ~ N(0,0414), i) | @it ~ N (@i, 7714), (A.20)
0d; ~ Inverse-Gamma (ay, by ) 5 77 ~ Gamma (c,, d,), '

fori=1,...,n;t=1,...,T — 1 to capture the nodewise level differences. The SMF are now
in the following form:

n

o(X,7,00,8) = [ [ as(xi)a(ri)a(oo:)a(B). (A.21)

i=1

First, there are only minimal changes in the computational framework. First, for the ¢;(x;.)
updatings, we have the graph potentials x;. as follows:

din(@in) = exp{—py z2llwinl|3/2 = py oz |z l3/2} [ ] exp[By(s)g(ay) {108 Pa(Yijt | i, a1, 8)}],
JF

Pit(xit) = eXP{—Ml/TfHacitH%/Q} HeXP a(B)a(z;t) y{log Po(Yij1 | @i, zje, B)}], VE € {2,...,T}
JFi

Yiti(+1) (Tits Tigeg1)) = eXp(M/Tg-’B;(tH)ﬂ%t), vte{l,..,T -1},

where 1y /2 = E(7)(1/77) and [/o2, = Eq(00:)(1/03;). Then the updating of g;(;.) follows

the same MP framework under the above revised potentials. In addition, for the updating
of scales, we have
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r i — mi(t—l)”% B (T—-1)d+c —1 log(7'~2) —d.7?
2 27_12 5 3 7T | -
|

08 o exp [ By (~122) — (41 0y 1) 10808 - L2,
7 q(Ti1 20_8Z 2 0 (3 0_87'

q(new)< ) x exp lE (@) {_

(A.22)

Therefore, we can obtain the that new update of q(7; ) follows a Generalized inverse Gaussian
distribution with parameter a = 2d;,b = Eg, (4, ){Zt o i — 20—y lI3/2},p = 1/2 — (T —
1)d/2 — ¢; /2. Then the moment required in updating x;; can be obtained: E,,,)(1/77) =

K,+1(Vb)/ {\[K (\f)} — 2p/b, where Kp(-) is the modified Bessel function of the second

(new)

kind. In addition, the new update of o, ~ Inverse-Gamma((d+as,)/2, {Eq(wi1)<H$7j1 1)+
2b001}/2) which implies H1/62, = Eq(UOi)(l/UOi) = (d+ aao)/{Eq(mn)(HmilH%) + 2b00}'

To capture a smooth evolution of the latent coordinates over time for each node, we
assume the following parameter space for the latent positions:

L;
PWAD(L) := {X i — i1 ll2 < L= (L1, .oy L], L= ||L||oo}, (A.23)

where PWAD denotes point-wise adaptive dependence. The theoretical results can also be
obtained similarly:

Theorem 11 (Fractional posterior convergence rate for nodewise adaptive priors)
Suppose the true data generating process satisfies Equation (5), X* € PAWD(L) with
0 < L = o(Tn?) and condition (8) holds. Suppose d is a known fived constant. Let
€n,T = ||L||;/3/(T1/3n1/2) + log(nT)/(nT). Then if we apply the priors defined in Equa-
tion (2) and adopt priors (A.20) for oo; and 7;, we have for n,T — oo,

“{Tn(;—nz 2 ( Tipdjt — zt%t) ZM@%,TIJ)H — 0, (A.24)

t=11i#j=1

with Py« probability converging to one, where M > 0 is a large enough constant.

Proof The proof is similar to the proof of Theorem 4 in Section A.3. It suffices to show
that the prior concentration for the set N (o, 7*) = {|od; — 0¢?| < 0¢2/2, |77 — 72| <
7%2/2, i =1,..,n} is sufficiently large. Due to the independence of the prior, we have

—log P(log; — 03”| < 03%/2,i = 1,...;n) = —log{P(|og; — 05°)"} Sn Sn(n — 1)Te r
Similarly,

—log P(|7? — 7% < 7*%/2,i=1,...,n) = —nlog{P(|7% — 7*%| < 7*%/2)}
—nlog(enrL/(nT) +log*(nT)/(2nT?)) + n7*% — nlog(T*?).

Since log?(nT)/(nT?) < 72 < L/(nT)+log?(nT)/(nT?), we have —nlog(log?(nT)/(2nT?)) <
nlog(nT); nm*2 < L/T+log?(nT)/T? < nlog(nT) and —nlog(7*?) < nlog(nT). Therefore,
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we show that —log II(N (o3, 7%)) S n(n—1)T€’. 1, then the rest of the proof follows the same
with Section A.3 by the improved bound || X} — X;_||% < || L||3/(n*T?) in equation A.10.
|

Theorem 12 (Variational risk bound for nodewise adaptive SMF) Suppose the true
data generating process satisfies Equation (5), X* € PAWD(L) with 0 < L = o(Tn?) and
condition (8) holds. Suppose d is a known fized constant. Let €, 7 = |]L||$/3/(T1/3n1/2) +
Vdog(nT)/(nT). Then if we apply the priors defined in Equation (2) and adopt pri-
ors (A.20) for oy and 1; for i = 1,...,n and obtaining the optimal variational distribution
G(X) under nodewise adaptive SMF' family (A.21), we have with Py« probability tending to
one as n, T — o0,

1 L - Al A W )2 2
EQ(X) Tn(n—1) Z Z ($;t$jt - witwjt) = €n,T- (A.25)
t=1i#j=1
Proof We consider the following variational distribution:
n T
q(X,7,00) H Hp(mit | Zi—1), T°) I{[|zir — x5l < cenr}
i=11=2
n
< I p(za | 06)H{ll@n — 2hll2 < cenr) (A.26)
i=1
n 2 n 2
X l_Ip(Ti)]l{T*2 < 7'7;2 < T*Qegan} I_Ip(aoi)]l{a(}k2 < Ugi < 0'8265"L1T}.
i=1 i=1

After the change of the priors and variational family, first by Equation (A.19) and
—nlog(e%,T) < nlog(nT), we have

2
Drr(q(o0)|lp(00)) = —nlog(P(USQ < 081 < USQeE"’T)) N —”10g<€%,T)§Tn(" - 1)6%1-

Similarly, by Equation (A.18), we also have

62
D (a(r)llp(r)) = —nlog(P(r™? < 72 < 25r))
< —nlog(eijT) — nlog( min fera (7))

2
2 r2 2260, T

< Tn(n — 1)6%1.

Moreover, we have the density,

P | 7.00) = { S T M o2y - 3~ L tog(o)

exp
(V2m)nTd i=1 2 i=1
RS |13 X s it — Tig—1)lI3 }
= 20& 271-2 ’
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which implies that

n(T —1)d . " d nd .
D572 43~ Drog(o3) - " 10g(oz?)
=1

log(7) —

p(X|T*, o " (T —-1)d
g P ) (1)
1

sy Izl _ [1XulE | Xim Sico i — ig-nl3 XL 1Xe = XellE

203, 2002 272 27*2 ’

where 7% = (7*,7%,...,7%) and o} = (0,0, ...,08)". With the constrained region 7*? <

2 2
72 < 72T and 0f? < 0f < 0§27, we have,

p(X|T*,0f) _ n(T—1)d nd
T 0-00) < 5 631,T ?EZ,T <Tn(n— 1)6%771.

Then the rest of the proofs follow the same with proof of Theorem (7) in Section A.6.

log

A.8 Auxiliary Lemmas

Lemma 13 (Small ball probability, Theorem 1.1 in Shao, 1993) Let {X(¢),0 <t <
1} be a real-valued Gaussian process with mean zero, X (0) = 0 and stationary increments.
Denote 0%(h) = E(X(t+h)— X (t))? for0 <t <t+h < 1. If 6%(h) is concave and o(h)/h*
is non-decreasing in (0,1) for some a > 0, then we have

P(Oggl X (1) < Cao(x)) = exp(=2/x),

where Cop =14 3e/7/a.

Lemma 14 (Upper bound for binary KL divergence) Letp, = 1/(1+exp(—a)) and
pp = 1/(1 + exp(—b)). Define P, and Py as the Bernoulli measures with probability p, and
py. Then we have

Dir(Pa||Py) + Dir(Py || Pa) < (pa V py)(a — b)2.

Proof

P l1—p
Drr(Pal| Py) + Dicr(Ps || Pa) = (pa — py) log EZ + (P — ) log T— p’;

= (Pa — pp) log (pal _pb> = { ! - ! }log(eae_b)
o« L—pa po 1+exp(—a) 1+ exp(-b)

(a—b) { 1 1 }

=(a— — .
1+exp(—a) 1+ exp(—b)

Without loss of generality, we can assume a > b, then by exp(z) > 1+ z, we have

1 1 et —e®
1+exp(—a) 1+ exp(—b) - (1 4+ exp(—a))(1+exp(-d))
1—eba

SAteadred)

< pa(l - 6b_a) < pa(a - b)
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Lemma 15 (Upper bound of second order KL moment) Let p, = 1/(1 + exp(—a))
and p, = 1/(1 4 exp(=b)). Define P, and P, as the Bernoulli measures with probability p,
and py. Then we have

P, Pa 1 —pa
Pa102<)d <{ + } o V )% (a — b)>.
/ & Py H= (pa /\pb)2 (1 — Pa \/pb)2 (p pb) ( )

Proof Note that

P, DPa 1 —pa
[ rotos? (3 an = oto? (52) + 0=yt (152

We have

Vv V Db — Pa APy —pp\ 2
log? <pa> ~ Jog? <pa P 1) < (pa Pb — Pa pb) _ <pa pb> ‘
Do Da N\ Db Pa N\ Db Pa N\ Db

Similarly,

1—p, (1=pa)V (1—pp) Pa—Db \°
102<>:102< —1+1)§(> .
s \1-p & (1 =pa) A (1 —psp) 1—paVpp

For the (p, — py)? term, by exp(x) > 1+ x, we have

1 1 e—a/\b . e—a\/b

1+exp(—aVvb) 1+exp(—anb) (1+exp(—aVb))(l+exp(—aAb))

1— ea\/bfa/\b

<
— (1 _|_€a/\b)(1+e—a\/b)

< (Pa Vpo)(1 — €07 < (po Vpp)(a Ab—aVb).

Lemma 16 (Lower bound of the 1/2 divergence) Letp, =1/(1+exp(—a)) and p, =
1/(1 + exp(=b)). Define P, and Py as the Bernoulli measures with probability p, and py.

1. Suppose that there exist constants ¢,C > 0 such that ¢ < a,b < C, then we have

Dy (Py, Py Z (b~ a)”

2. Suppose that a,b — —oo such that pg,pp — 0, then we have

D%(Pa, Py) > exp{a Ab}(b—a)’.

Proof

D1 (pa, py) = —2l0g(1 — h*(pa, pb)) = 2h*(pa, p1) = [(\/p? —vm)? + (V1I—ps— /1 —pb)ﬂ -
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For the first conclusion, since a, b are bounded, p,, pp are bounded away form 0 and 1, and
(V/Pa + /D), (V1T = pa + /T —ps) are bounded from 0 as well. Hence,

Dy (pas 1) 2 [(VPa = VB0 (VPa + v/0)* + (VT =10 = VI = 10)* (VT = pa + V1= 1)?]

] expl(x 2
> (pa — pb)? g {OJF(;)(;(L))Q} (a—b)* > (a—b)>

where (7) is because the mean value theorem and a < z < b is bounded.
For the second conclusion, when the probabilities p,, pp are converging to zeros, for the
term (\/Pa — +/Pb)?, by the mean value theorem of function /p; with respect to x, we have

(\/]Ta_ \/ZTb)2 > <\/exp(x)\/1 —FeXp(.T))z (a _ b)2 (r:>) ea/\b(a _ b)27

2(1 + exp(z))?

where (7) is because exp(x) is the order of exp{a A b} for a Ab < x < aV b. For the term
(VT =pa — /T —pp)?, note that /T — p, + /T — py is still bound away from 0, we have

— —\2 N2 exp(z) ? 132 (2a)A(2b) (172
(VI=00 = VT=m)* 2 o =) = { raigye (0= 2 a2

for a < x < b. Finally, exp(a A b)(a — b)? dominates when the sum of the two lower bounds
is taken into account.
|

Lemma 17 (Probability bound for maximal of sub-Gaussian random variables)
Let Xq,...,X,, be independent sub-Gaussian random wvariables with mean zero and sub-
Gaussian norm upper bounded by o. Then we have for every t > 0,

P {Anllax | X5 > 202(logn+t)} <2e 7t
i=1,...,n
Proof By union bound and the sub-Gaussianity, we have

n u2
P{Amax | X;| > u} < ZP{]XZ\ >u} < 2ne 202,

=i
P i=1

by choosing u = /20%(logn + t), the conclusion is proved. [ |

A.9 Additional Simulation Examples

Gaussian Networks: 25 replicated data sets are generated from Yj;; ~ N (0.14-a},x ¢, 0.12)
fori #j=1,..,nandt=1,...,T where n = 100, T = 100, d = 2. Let z;; ~ N'((0,0)’, 72),
and transitions ®;; = @;;_1) + €-—1, where given any coordinate j for a fixed node ¢, let
[€ij1, s €ij7)" ~ N(0,72I). The iterations are stopped when the difference between predic-
tive RMSEs in two consecutive cycles is less than 1072, In the algorithm, both the initial
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7 |1 0.001 0.005 0.01 0.05 0.1 0.5
MF | 0.0101 0.0105 0.0129 0.0219 0.0205 0.0211
SMF | 2.34 x10~3 5.97 x10™3 9.53 x10=3 0.0200 0.0206 0.0210

Table 2: Performance comparison for Gaussian networks between SMF and MF. The mea-
sure is the median of root mean square error for estimation of the latent distances
of the repeated simulations.

Unknown beta Known beta

1.0

0.5

0.0

-1.0

K/ ok

Figure 9: Comparison of recovery of the inner product xj;xj, for estimating B using the

algorithm in the left vs correctly specifying § = 0 in the right. The algorithm
estimates 5 = 0.0148 when f is assumed unknown. The x-axis is the true inner

*

*! PR . . N
products x;; 7}, and the y-axis is the estimated inner products &;, ;.

and transition variances are learned adaptively with prior (3). The prior for the intercept
is set to N(0,10). Table 2 shows the mean of the 25 replicated simulations. Clearly, SMF
performs much better than MF in parameter recovery when the transition is small. The
result again reinforces that when the dependence among latent positions is significant, SMF
should be adopted.

Reused simulation case: For the many simulation cases in this subsection, we
use 25 replicated data sets generated from the following case: Yijz ~ N (:cgtwjt,O.lQ) for
i#j=1,..,nand t = 1,..,T where n = 20, T = 20, d = 2. Let x;; ~ N((0,0),7%I),
and transitions @t = x;;_1) + €1, where given any coordinate j for a fixed node 1, let
[€ij1s e €i57)" ~ N(0,72T). The prior is set in the same way as the above.

Recovery of inner products: We consider a simulation case regarding visualization
of the recovery of @/, i, by showing the comparison of estimated &/, j; vs the truth x5
The data is generated for one realization of the ‘Reused simulation case’ with * = 0 and
the two following scenarios: 1. Using our algorithm with estimating 3 as unknown beta
case; 2. Specify ,5’ = 0 as known beta case. We then compare the true inner products asftl x5,
and the estimated inner products &},&;; without adding the estimated intercept for both
cases. The simulation is provided in Figure 9: In the figure above, it is evident that the
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Boxplot of SMF Errors vs Gamma_hyperparameter
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Figure 10: Performance comparison for Gaussian networks of estimation of SMF and MF
across different hyperparameters of d, for Gamma distribution with ¢, = 1.

estimation of inner products remains accurate even when the value of § is estimated in the
algorithm instead of being correctly specified at * = 0. This is due to the good estimate of
ﬁ = (0.0148. The theoretical explanations behind this intriguing phenomenon are reserved
for future research.

Sensitivity analysis with respect to the choice of Hyperparameters: For the
Gamma prior, we test the sensitivity of the hyperparameters ¢, and d,. We fix ¢; = 1 and
change d; from 0.1 to 2 with 20 grids and repeat 25 simulations of the ‘Reused simulation
case’ and the result is shown in Figure 10. On the other hand, we also fix d, = 1/2 and
change ¢, from 0.1 to 2 with 20 grids and repeat 25 simulations of the ‘Reused simulation
case’, and the result is shown in Figure 11.

Sensitivity analysis with respect to the choice of a: We compared the effect of
different o values in our model. We use 11 grids for «
=0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95,0.99. We repeat the simulation
of the ‘Reused simulation case’ for 25 times. The simulation result is shown in Figure 12.
As can be seen from the figure, the results are consistent and suggest that the choice of «
does not affect the outcome.
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Boxplot of SMF Errors vs Gamma_hyperparameter
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Figure 11: Performance comparison for Gaussian networks of estimation of SMF and MF
across different hyperparameters of ¢; for Gamma distribution with d, = 1/2.
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Figure 12: Performance comparison for Gaussian networks of estimation of SMF and MF
across different a.

Sensitivity analysis with respect to the choice of latent dimensions for En-
ron’s email data: In the Enron email data set, we found that the d = 5 case provides a
good comparison between our method and using an inverse Gamma prior. Our method con-
sistently performed better than using the inverse Gamma prior. Here we have also shown the
comparison results for d = 2, 3,4 in Figure 13. We observed that d = 2, 3,4, 5 showed simi-
lar behavior, where using the Gamma prior consistently outperformed the inverse Gamma
prior for the transition variance.
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Figure 13: Comparison using Enron’s email data set between Gamma prior and Inverse
Gamma prior on the transition variance, with cases for d = 2,3,4 displayed
from top to bottom.

Nodewise adaptive priors: Our new simulations demonstrate that node adaptivity
can improve estimation accuracy when different nodes have different transition scales. We
consider a scenario where 90% nodes remain static across all time (so that their corre-
sponding L; can be seen as 0), while only the rest 10% of nodes change over time. For the
changing node, we use 7 as the true transition standard derivation to control the magni-
tude of changes: ®i | ®j—1) ~ N(wi(t_l),TQId). The other settings are similar: we use
25 replicated data sets are generated from Yj;; ~ Bernoulli(x),x;;) for i # j = 1,...,n and
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Node-adaptive transition variance vs common transition variance
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Figure 14: Performance comparison for nodewise adaptive prior on variance vs. common
transition variance across different 7 as the transition standard derivation 10%
of changing nodes, while the rest 90% of nodes stay static across all time points.

t =1,..,T where n = 20, T = 50,d = 2. Let ;1 ~ N((0,0)’,0.11), where given any
coordinate j for a fixed node i. We compare the estimation accuracy between the node-
wise adaptive priors (4) and common variance priors (3) across different values of 7 such
as 7 = 0.05,0.1,0.5,1. Figure 14 illustrates the performance between nodewise adaptive
priors and common priors. When 7 = 0.05,0.1 is small, the common variance prior per-
forms most the same or slightly better than nodewise adaptive priors because differences
in the magnitude of change for different nodes may not be large enough and both methods
may converge at the same rate. However, when 7 = 0.5,1 are not close to zero, nodewise
adaptive priors perform much better than the common variance prior. This is reasonable
as the differences in the change of scale between different nodes are large in these cases
and introducing nodewise adaptivity can capture the true data-generating process more
precisely.

A.10 MF Updatings for

Suppose the prior for 3 is N (,uﬁ,cr%). For Gaussian likelihood, the updating for S can be
obtained

4(B) o< exp[E_g{logpa(X, 8,V)}] oc exp[E_g{log Po(Y | X, 8)} + log p(5)]

i T / 2 2
(Yije = B — ahyjn)” | (8~ pio)

e |Boppad 3

L t=1 i#£j B

[T 2 /

B° —28(Yijt — /"it#’jt) (B — Mﬂ)2

X exp Z Z -« 552 — 552

L t=1 i#j B
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Therefore, ¢™€W)(3) is the density of N/ ( (new) agww)), with
-1 2
Jénew)Q { o5+ aln(n— 1)0_2} , M(B"ew) = agww {O'B pa + Z Zaa Yije — ,ugt,ujt)} :
iz 1
For the binary case, the updating for 8 after tangent transformation can also be obtained

g™ (B, ) o exp[Ex{log P (Y | X, B;E)} + log p(B)]

x exp [Zz (Ao} + 35 (Y = 5 + 240 | 6 - 50525 +uﬁaﬁ26]

i#j 1 i#j t

Therefore, ¢M®W)(5; Z) is the density of N’ (kg (new) aénew)), with

~1
new — new new 2 1
Jé )2 _ {0,82 - 2042 Z A(fz’jt)} ) M% ) = aé {05 pp =+ Z Z { ijt — o + 2A(§ijt)/~1';t/~1'jt}

i#j ¢ i#j t

A.11 MF Updatings for X

The updating for 8 in MF is the same with SMF. For updating X in the Gaussian case, we
have

q(xit) o< exp[E_g, {log pa(X, 5, V)] < exp[E—g,,{log Po(Y | X, )} + log p(X)}]

I Y,,__{,Q .’13'-50_2 Tir — T 2
 exp Emit{z—a( it — B — ahx)? |l ;(t oll® i 2T12(t+1)H

2
i 20 27
Yije — Ménew)) Ty + T (G + By @i (|l — 2
o exp Z B 202 B 272
L \i#]
B lie|* — 2% i1 41)
272 '

Therefore, ¢MW) (x;;) is the density of N(uﬁfew) Egtnew)), with
-1
=) = {272]1 +a0 0 (pjuy + Ejt)} :
i#]

Hz('few) = ngew) (7'2.%‘(75—1) + Tﬁzﬂi(ml) + Z ao?(Yije — N,(anew))ﬂjt) -
i#£]

For the binary case, here we derive the updating formula under the mean-filed approxi-
mation for X after performing the tangent approximation. For the mean-field updating for
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x;;, we have:

Cj(iBn) S exp[E_ajit{logBa(X, B7 y)] X eXp[E—wit{logﬁa (y | Xv /8)} + Ing(X)}]

X exp

1
B, {Z o (g @les)? + QA5 +Yig — 5ol
i#]
”fth — Ti(t—1) H2 l|ie — wi(t+1)H2
272 2T

new 1
X exp HZ o (A(fijt)mét(“’jtﬂ';t + )@ + (2A(&;0) 1 o) + Yije — 2) ;t.u’jt>

i#]j
il = 2wipi 1) mall? = 2@
272 272 '

Therefore, W) (x;;) is the density of A (uﬁf ew) EE? W)y with

—1
E(new) {27‘ 2T — 2 Z ( fwt l"’]t”’]t + Ejt))} ,
7]

new new new ]‘
:“Et ) Egt ) (T Mig—1) + T ,Uz t+1) T > a(24( (&ijt) g )+ Yijt — Q)th) :
i#]
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