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Abstract

In this paper I present a general framework for regression in the presence of
complex dependence structures between units such as in time-series cross-sectional
data, relational /network data, and spatial data. These types of data are challenging
for standard multilevel models because they involve multiple types of structure
(e.g. temporal effects and cross-sectional effects) which are interactive. I show that
interactive latent factor models provide a powerful modeling alternative that can
address a wide range of data types. Although related models have previously been
proposed in several different fields, inference is typically cumbersome and slow. I
introduce a class of fast variational inference algorithms that allows for models to
be fit quickly and accurately.
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1 Introduction

Most datasets analyzed in the social sciences have some form of structure. Whether such
data includes information about countries over time, students in a classroom, or friends
in a network, the reality of social research is that our units of observation are often
deeply interconnected. From a theoretical perspective these connections are frequently
the primary quantity of interest (Fowler and Christakis, 2009; Maoz, 2011). From a
methodological perspective, the structure of the data complicates the standard statistical
toolkit and threatens our ability to empirically test hypotheses.

Regression, in particular the generalized linear model (GLM), plays a central role
in the social sciences as the default statistical method for the analysis of relationships
in quantitative data. GLMs leverage the assumption that observations are conditionally
independent given the covariates in order to allow for tractable inference. Methodolo-
gists have periodically warned of the inaccuracy of these standard regression tools in the
presence of unmodeled dependence between units.! Common concerns within political
science are temporal dependence (Beck and Katz, 1995), spatial dependence (Franzese Jr
and Hays, 2007) and network dependence (Hoff and Ward, 2004). Analogous contribu-
tions exist in other social sciences such as economics (Wooldridge, 2010) and sociology
(Snijders and Bosker, 1999). Previous approaches have addressed a single form of depen-
dence at a time, often with solutions which are mutually incompatible. Here I provide a
unifying characterization of these problems which leads naturally to a single solution.

One way to think about dependence is as arising due to unobserved heterogeneity
between repeated units within the data. Thus if we had the right set of control variables,
we could treat the remaining stochastic error as independent across observations. Subject
matter experts often have an implicit understanding of unmodeled dependence and are
able to specify the important groups within the data. I refer to these natural groups as the
“modes” of dependence. For example, in the analysis of country-year data, it is difficult to
justify the claim that there is a set of variables which eliminate country-level correlation
in the residuals. However, even when the analyst believes that there is unmodeled cross-
sectional heterogeneity, it can be difficult to translate that belief into a practical modeling
choice. The technical literature on the subject is vast, spanning numerous related fields,
and yields often contradictory instructions. Furthermore many of the existing methods
are customized to a particular type of dependence and can be computationally in-feasible
in the applied setting. Unfortunately most statistical problems arising from unobserved
heterogeneity will not vanish asymptotically as the size of our data increases. Indeed
addressing the problems of dependence between units and data set structure has been
identified as a particularly pressing issue in the era of “big data” (National Research
Council, 2013).

When observations are organized along a single partition? or “mode” (e.g. the country

IEven in just the last five years there have been a number of such articles in political science alone
(Pang, 2014; Erikson, Pinto and Rader, 2014; Gaibulloev, Sandler and Sul, 2014; King and Roberts, 2014;
Beck, 2012; Bell and Jones, 2012; Wawro and Katznelson, 2013; Arceneaux and Nickerson, 2009; Aronow
and Samii, 2013; Park, 2012; Pang, 2010; Beck and Katz, 2011; Dorff and Ward, 2013).

2By ‘partition’ I mean a mutually exclusive and exhaustive grouping of the observations.



or year), the analyst can model heterogeneity by replacing a constant parameter with a set
of parameters that vary by group. When the constant intercept is replaced with a group
specific intercept, this results in the familiar “fixed effects” model (Angrist and Pischke,
2008). The broader set of methods for analyzing grouped data are often referred to as
multilevel or hierarchical modeling (Gelman and Hill, 2007). When the data are structured
by multiple cross-cutting modes (such as dependence between observations in the same
year, and observations within the same country) the problem becomes substantially more
challenging. Existing solutions can model the two modes additively, but this often fails
to capture important facets of the data generating process.

In this article, I present a unified framework that allows for multiple interactive
forms of structure using interactive latent factors. The modeling framework has three
principal advantages: (1) it models a wider variety of dependence types than previous
approaches (which are subsumed in this framework), (2) it is less demanding on the
data than previous approaches, and (3) inference is sufficiently fast to be practical for
applied use. The core idea of modeling complex structured data using latent factor models
has been repeatedly and independently reinvented across the social and natural sciences.
However, the approaches invented across different fields have primarily been developed in
isolation. To the best of my knowledge there has been no unifying treatment that connects
the similar approaches across fields. The framework here combines the best features of
these disparate approaches and is coupled with new inference algorithms which will be
made available in a forthcoming R package.

In Section 2 I describe the general problem including a motivating example from inter-
national relations, a subfield of political science; but as will become clear, the implications
of this paper span other social sciences. In Section 3, I outline the framework for latent
factor regression. In Section 4 I develop an estimation framework for latent factor regres-
sion based on variational inference. Section 5 connects my approach to diverse bodies of
work, highlighting connections between previous models. Before proceeding to real data,
Section 6 provides an overview of simulation evidence demonstrating the effectiveness of
the inference framework. Section 7 illustrates the proposed method with applications
that have been the focus of methodological debates within international relations, but
whose features nevertheless extend to a broad set of social science fields. Finally, Section
8 concludes with a short discussion of directions for future research.

2 Regression with Unobserved Heterogeneity

The generalized linear model (GLM) is the standard regression model in quantitative po-
litical science (King, 1998; McCullagh and Nelder, 1989). The starting point for the GLM
is the assumption of independence of the observations (y) conditional on the covariates
(X). Indexing the observations as d € {1... D}, we can write the model generically as:

Ya ~ fy(0a, ®) (1)
0a =g " (14) (2)
na = o+ Xqf (3)



Term

Definition

Example

Building Blocks
Unit

Mode
Group

Data Structure

Model
Single Mode

Additive Modes

Jointly Unique

the level of analysis interesting to

a researcher o
an observed partition over obser-

vations
the members of a subset of a par-

tition

covariance across units in the de-
pendent variable not captured by
the covariates

a model where only one mode of

dependence is modeled
a model of mode effects which en-

ter the linear predictor additively
a model of mode effects where

country-year, edge in a network

time, cross-section, sender, re-

celver

individual years (time), individ-
ual countries (cross-section)
time-series cross-sectional data,
network data, multivariate out-

come data

fixed effects, random effects

two-way effects such as time and

country intercepts
a country-year specific intercept

each combination of groups across
modes is estimated separately

Table 1: Definitions and examples for terms used throughout the paper.

where f,(-) is the exponential family probability density, g(-) is the link function, n, is the
linear predictor for observation d, 5 are the regression coefficients, « is the intercept and ¢
collects incidental parameters. This encompasses nearly all the regression models used in
political science include OLS, logit, probit, poisson and negative binomial regression. Due
to the conditional independence assumption, the likelihood can be expressed as a product
over the density f,(-). While mathematically convenient, this assumption may not be
plausible when the data are grouped. That is, there is some heterogeneity within the
data not captured within the covariates X which threaten the conditional independence
assumption.

Most methodological approaches for modeling heterogeneity are variants on one sim-
ple idea: taking a set of constant parameters, and allow them to vary with some observed
partition of the data. I call this observed partition a “mode” of the data and the collection
of units sharing a parameter a “group”. For example, for a dataset where observations
are repeated within years, time is a “mode” of the data and the observations within the
same year form a “group.” Table 1 provides a reference for these terms as well as other
terms used throughout the paper.

Approaches to modeling heterogeneity can be differentiated along two dimensions.
The first is how the groups within a given mode are related to one another. For example,
time is naturally ordered and the analyst may want to impose some smoothness such
that neighboring years are estimated to have similar parameters. Groups of other modes
may not be naturally ordered, such as countries in the international system. The second
dimension captures how each mode is related to other modes. This can be intuitively



thought of as a unit being a member of multiple groups. Thus in a time-series cross-
sectional dataset, every observation is both a member of time point and a member of a
cross-section. The way these mode effects interact is the second dimension. The simplest
type of interaction is an additive model, such as in two-way fixed effects where, for ex-
ample, the effect for a particularly country-year is the country effect plus the year effect.
The other extreme of mode interaction is a model where effects are jointly unique. This
corresponds to estimating a country-specific effect for each year.

The preceding literature has mostly been concerned with different approaches to
capturing how groups are related to each other rather than modeling multiple modes.
When multiple modes are modeled it is often in the context of extreme views where the
mode effects are additive or completely jointly unique. To see how this extreme view
poses a problem for applied work, I turn to a debate in the applied international relations
literature.

2.1 ‘The Dirty Pool’ Debate

The Spring 2001 issue of International Organization, a prominent international relations
journal, contained a symposium on pooled estimators within international relations. The
symposium contained an introduction by Gourevitch and Lake (2001), the main article
entitled ‘Dirty Pool” by Green, Kim and Yoon (2001) (hereafter GKY), as well as replies
by Beck and Katz (2001), Oneal and Russett (2001) and a summary by King (2001). The
central argument of GKY is that by ignoring unobserved heterogeneity in cross-sectional
data, findings in quantitative international relations are biased.> They argue for the
inclusion of dyad-level varying intercepts (fixed effects). They demonstrate that including
these terms results in democracy being negatively related to trade and unconnected to
militarized interstate disputes. These findings if true would undermine enormous portions
of the international relations literature.

The replies took a staunchly different approach. Oneal and Russett (2001) demon-
strated that the findings are robust under a series of alternate specification and emphasizes
the role of the shorter time period in the GKY data in generating the original result. Beck
and Katz (2001) argue that for the typical setting of international relations data analysis
the proposed solution is “profoundly misleading in assessing the impacts of important
independent variables” (Beck and Katz, 2001, p.488).

The King (2001) summary of the debate emphasized the central contribution of GKY
as identifying the “complex dependence structures” in international relations and how
those structures contribute to unmeasured heterogeneity. In total the methodological
evaluation of the symposium is somewhat grim. All participants agree that unobserved
heterogeneity is a consequential issue, but there is little in the way of clear solutions.
King concludes his methodological assessment by simply stating “Getting better data is
usually the best advice, and it clearly is here” (King, 2001, pg. 504). While better data
can obviate the need for more complex methods, there will always be an opportunity cost
in data collection. It is difficult to advocate that an applied researcher bears these costs

3In a two-page long table, GKY extensively detail the quantitative analyses of international dyads
undertaken within the preceding 3-year period in 10 of the top journals. This totaled 51 articles of which
nearly all used pooled estimators. These patterns have not changed substantially in recent years.



to address unobserved heterogeneity which by definition is not the quantity of primary
theoretical interest.

This paper provides a methodological framework for applied scholars that goes well
beyond the current debate. However, the key ideas from this debate have repeatedly
surfaced in the applied literature across a wide variety of fields. Thus the debate serves
as a useful concrete example of a relevant application.

2.2 Modeling Heterogeneity

GKY is concerned with a particular type of cross-sectional heterogeneity. Specifically they
argue that there is a single relevant mode in the data, the dyad pair, which affects only
the intercept. In the analysis of conflict data this has the theoretical intuitive description:
each dyad has a different ex-ante probability of conflict but the contribution of each
covariate to the linear predictor is constant across all cross-sections.* Letting d index the
dyad, this results in a linear predictor which can be written as:

na = oq + Xqf (4)

where « is the now-dyad specific intercept term but § remains constant.

The central problem with the GKY approach is that it is too demanding on the
data. Because every pair of countries is given a separate parameter, we require repeated
observations of that dyad which can only be acquired through time. We can instead
describe the data as containing two modes, one which indexes the source of the action
and one which indexes the receiver. To visualize this, imagine that we collected all the
intercept terms into A, a square, symmetric matrix where the dimension is the number of
countries (V). Entry A, ; is the intercept for the dyad containing country ¢ and country j.
The completely pooled estimator approximates this matrix with a single number, that is
the intercept for every dyad is the same. The GKY model in Equation 4 models each cell
in A as a separate parameter and thus treats the two modes as jointly unique. This means
that the estimate of the probability of war between country ¢ and country j offers us no
information for our estimate of the probability of war between country i and country [.
The implication is that the GKY model implicitly takes the epistemological position that
nothing about the causes of peace can be learned from a dyad which has never gone to
war.®

An intermediate between these approaches is a two-way varying intercepts approach
in which the two modes are modeled additively. Now the dyad’s intercept is the sum of
the component countries,

771'7]' = Q4 -+ Oéj + leﬂ

4The simplicity of this interpretation is slightly marred by the non-linearity of the link function. The
real quantity of interest here is the probability of the outcome, not the change in the linear predictor.
With a non-linear link function a shift in the intercept changes the effect of the covariates on the scale
of the predicted probabilities.

5We can of course use a model without believing that all the assumptions are true. However it is
worth emphasizing that dyads which have never gone to war are dropped from the dataset under the
GKY model and thus cannot contribute to our estimates of the effects.



Figure 1: A low-rank matrix A formed from the product of two smaller matrices.
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This model approximates the matrix A by its margins (i.e. a column effect plus a row
effect). In the conflict setting this would intuitively capture how bellicose country 7 is,
but will not distinguish whether it is more belligerent towards any particular country.
The advantage of the two-way additive model is that it places fewer demands on the data
by allowing more observations to inform each parameter. In estimating the intercept for
dyad 7,5 the model draws information from all the dyads of which countries i and j are
members. This means that the model can be identified even if we only observe a single
year of data for each dyad.

The additive model is extremely limited in the type of relationships it can capture.
We can see this by noting that only a small class of parameter matrices A could be
represented by column and row effects. The GKY model by contrast estimates every
cell of A completely separately which may neglect important structure in the parameters.
An intermediate between these two extremes is accessible through the idea of a low-rank
approximation. The central idea is to replace the complete parameter matrix A with a
low-rank approximation A which we can estimate using fewer parameters.

The key to low-rank approximation is that a low-rank matrix can be formed through
the matrix multiplication of two smaller matrices (see Figure 1). This form encompasses
a much wider range of matrices (and hence parameters) than a simple additive model.
Political scientists may be most familiar with the idea of a low-rank approximation in
legislative ideal points (Clinton, Jackman and Rivers, 2004) which seeks to describe the
legislator by bills matrix of votes with the product of (usually) K = 2 dimensional matrices
representing the legislators’ ideal points and the bills’ ideal points. We can write the model
in vector notation as:

ni,j =qo; + C(j + <Z ui,kvj,k> + XUB (5)
k

where k = 1... K is the rank of the approximating matrix and U is the I-by-K factor
matrix and V is the J-by-K factor matrix.® Here the intercepts capturing the row and
column margins are included as separate parameters but could easily be absorbed into the
latent factor matrix. Crucially the matrices U and V' are unobserved (as, for example, are

5Note that K determines the quality of the approximation to the unrestricted matrix A. As K = N
we get an exact reconstruction of the matrix (Eckart and Young, 1936).
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legislative ideal points); however, they involve fewer parameters than the GKY strategy
which involves estimating every element of A separately.”

In the low-rank model the latent effects for dyad ¢ and dyad j enter the model through
an inner product (i.e. a multiplication of the parameters) and consequently these models
are often described as interactive effects models (in contrast to the additive fixed or
random effects models). Interactive latent effects will serve as the basis for the framework
I develop in this paper. Models of this sort have previously been used in political science
for special cases such as the analysis of fixed rank network data most notably by Hoff and
Ward (2004). I defer a more comprehensive survey of the related work and the differences
with my framework here until Section 5.

The approach advocated by GKY and the subsequent discussion focuses on vary-
ing intercept models estimated as “fixed effects.” This places their work in line with a
well-developed literature on panel data methods in econometrics (Angrist and Pischke,
2008; Wooldridge, 2010; Greene, 2012). These approaches also straightforwardly allow for
heterogeneity in the covariate effects. When the analyst specifies a probabilistic model
for the varying parameters the result is often called a multilevel model (Western, 1998;
Gelman and Hill, 2007; Gelman et al., 2013; Snijders and Bosker, 1999). The extension of
varying slope and varying intercept models to the GLM setting go by the moniker Gen-
eralized Linear Mixed effects Models (GLMM) and are heavily used in a wide variety of
fields such as epidemiology, bio-statistics, sociology and economics (Breslow and Clayton,
1993).® When the data is structured along a single mode this class of models can be
quite effective at recovering the effect of interest. Recent advances in Bayesian statistics,
particularly the development of the Stan software library for Hamiltonian Monte Carlo
(Stan Development Team, 2014; Hoffman and Gelman, 2013; Neal, 2011), have made these
models straightforward to design and fit.

However as the ‘Dirty Pool’ case illustrates, the dependence structures that charac-
terize data in the social sciences are often significantly more complex than single mode.
The latent factor framework I present offers a general solution to these problems and pro-
vides a unifying approach to modeling data types as diverse as time-series cross sectional,
network, and spatial data.

3 Regression with latent factors

In this section I show how interactive latent factors can be incorporated within a broad
class of generalized linear models. This allows us to extend beyond the non-interactive
single mode models such as varying intercept fixed /random effect models which are the
predominant applied approach to modeling heterogeneity. By simply allowing for inter-
action in the latent factors, the framework can recover an enormous range of models
from ideal point models of roll call voting (Clinton, Jackman and Rivers, 2004) to latent

It is worth emphasizing that U and V are not identified in the formulation here without further
constraints or a prior distribution due to a rotational invariance in the posterior (West, 2003). Below I
will use prior distributions to essentially make an arbitrary choice of a rotation of U and V. This is not
problematic as our interest is in the inner product UV7T which is identified.

8The “mixed” reference here alludes to the idea that some coefficients are “fixed” in the sense of being
shared across the entirety of the data while others are “random” in that they can vary by subgroup.



space network models (Hoff and Ward, 2004). The central idea is to replace a constant
parameter 3 in a generalized linear model with a group-specific term formed by

Bijoi=a+ Z b + Z u, ku] k " k) (6)

where a is a globally shared effect, b,, are the additive mode specific effects, uz(r,z) is

the latent variable for the ith group of mode m,and K is the dimensionality of our latent
variable. The dimensionality of the latent variable controls the models ability to represent
more complex interactions between the modes of the data. Note that the limiting case of
k = 0 results in the two-way effects model.” With no modes, the model collapses to the
completely pooled estimator having a single globally shared parameter.

I take a Bayesian approach to modeling the latent factors, giving each latent effect
a normal prior. In the form of generalized linear model from Equation 1 this yields the
following form

n=2X (U(l) X oo X U(M)) (7)
U™ ~ Normal(0, %) (8)
5~ p() (9)

where the intercept has been absorbed into the covariate matrix X. The latent factors are
given zero-mean Gaussian priors with variance controlled through the covariance matrix
Y. By changing the prior distribution for >, the model can capture different types of
group structure and perform dimensionality selection for the rank of the latent factors.
When using the Bayesian approach, it is necessary to make the standard random effects
assumption of independence between the effects on observed covariates and the latent
factors. I discuss this issue in more detail in the section related work(5.1) and explore the
sensitivity of the model to violations of this assumption in the section on simulation (6).

This formulation encompasses an extremely wide range of models (Table 2 gives some
examples). As I will show the number of latent interactions M corresponds to the modes of
the data that the analyst wishes to model. In the next section, I start with the familiar case
of modeling a single mode structure and show how the construction naturally generalizes
to two dimensions (matrices), three dimensions (arrays) and arbitrary M-dimensional
data. Then in Section 3.2 I discuss how the latent factors U™ have been substantively
interpreted across a few of the diverse fields where they have been applied. In Section
3.3 I show how different prior distributions for ¥ lead to different models for how groups
within a mode are related. By modeling the relations between groups in particular ways,
the framework can mimic a broad class of spatial and time series methods.

3.1 Interactive Modes with Multilinear Latent Factors

In the simplest data analysis setting, the observations are treated as completely indepen-
dent, resulting in the standard pooled regression estimator. While this is an important

9By two-way effects I mean additive varying effects. So in the context of a varying intercept model
for two modes time and cross section, we would get Stime, country = biime + beountry
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Modes Group Structure Model/Citation This
Paper
Single Mode
panel none fixed effects (Angrist and Pischke, v
2008)
panel common distribution  random effects / multilevel mod- v/
els (Gelman and Hill, 2007)
time random walk dynamic linear models (West v/
and Harrison, 1997; Martin and
Quinn, 2002)
geography spatial auto-regressive spatial regressions (Gleditsch and v
Ward, 2008)
Two Mode
time and panel none interactive fixed effects (Bai, ?/v'T
2009)
source, receiver common distribution  generalized bilinear mixed effects v

model (Hoff and Ward, 2004;
Hoff, 2005)

Table 2: Example models and their relationship to the framework presented here. “Com-
mon distribution” indicates that the parameters are drawn from a shared prior and thus
exhibits partial pooling. Models within each number of modes are ordered in increasing
complexity of the group structure.  Interactive fixed effects use no prior distributions on
the latent factors. These can be estimated in the current framework but require stronger

assumptions for identification.
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basic model it is severally limited by the assumption that effects are constant across modes
of the data. Even in the case where the analyst’s interest is in the average population
effect of a particular variable, accurately accounting for heterogeneity in other portions of
the model can be vital for accurately estimating the effect. (Angrist and Pischke, 2008).
In the rest of this section I show how the model changes with the addition of each mode,
moving from the single mode case to an arbitrary M mode setting.

Single Mode Setting The most familiar single mode model is the varying intercept
“fixed /random effects” model where where each group within the single mode of the data
is given a separate intercept term. These models are attractive because they are easy to
estimate and interpret. With only one mode there is no equivalent of rank and thus no
need to infer the dimensionality of the latent effect. The available methods for the single
mode settings are well described by existing textbooks on multilevel and longitudinal
modeling and are heavily used throughout the social sciences (Snijders and Bosker, 1999;
Gelman and Hill, 2007). Although the single mode setting does not make use of the
interactive effects structure we describe here, the fast inference algorithms developed
in Section 4 apply to this setting and provide a computationally attractive estimation
alternative in large data settings.

Two Mode Setting Introducing a second mode into the model requires the analyst
to make a choice about how mode effects interact with each other. Imagine for example
that the data are time-series cross-sectional with each observation indexed by a country
and year. It is reasonable to believe that unobserved heterogeneity causes dependence in
the outcome for each of the years within a country, and for each of the countries within
a year. Furthermore it may be that the effects are interactive. Analogues in other social
science disciplines are immediate.

To gain some intuition for this mathematically, imagine as in Section 2.2 arranging
the outcome variable into a matrix where the rows index the countries and columns index
the time. A model with additive country and time effects would estimate a parameter
for each country (row) and each year (column). Then to get a particular country-year
parameter we simply add the components together. This is equivalent to approximating
the matrix of parameters by its margins. Substantively this means that the temporal
effects of a particular year are experienced in the same way across all cross-sections, and
the cross-section effects are experienced the same way across all time periods. While this
will sometimes be plausible we often will want to mode cross-section specific temporal
effects.

The model can capture interactive effects, if the analyst is willing to estimate the
entire matrix of parameters. However, since we generally only get one observation per
cell of the matrix (i.e. each country-year combination is observed only once), it will be
necessary to find an approximation. By assuming the matrix of parameters has a low-
rank structure the complete matrix can be approximated as the product of two smaller
matrices. Note that even if in the true model of the world the parameters do not follow
this low-rank structure, the procedure will still return the best low-rank approximation
of the truth.

The covariance of the outcome implied by the low-rank solution is limited compared

11



to estimating every cell separately, but it is substantially less restrictive than estimating
the effects additively. From a probabilistic perspective this low-rank model yields the
matrix-variate normal distribution which is the extension of the multivariate normal to
matrix data(Dawid, 1981; Allen and Tibshirani, 2012).1°

Three Mode Setting What happens when a third mode is introduced into the model?
This frequently arises (for example) in longitudinal network data where each observation
is an action and we observe source-receiver-time triples. The framework extends easily
to this case as well. Now instead of arranging the parameters into a matrix, they can be
arranged into a stack of matrices. This object is called a tensor (also sometimes called
an array), and like matrices, a low-rank tensor can be represented as the product of
smaller tensors (Kolda and Bader, 2009). Although the tensors make the computation
and notation substantially more complicated the construction of the parameter is simply
the product of three latent variables as in:

1), (2) (3)
Biji = Zuzk Uj Uy g

Many mathematical and computational aspects of tensor analysis are substantially
more challenging than the matrix case.!’ However, the tensor formulation allows us to
extend the model to an arbitrary number of modes. This approach has proven useful in a
wide variety of applications, such as constructing deep interaction priors (Volfovsky and
Hoff, 2012),modeling multivariate event counts (Hoff, 2011a), and analyzing neural images
(Zhou, Li and Zhu, 2013). Fortunately the estimation strategy in this paper extends to
these more complicated models, and hence provides a unified framework.

3.2 Interpretation of Interactive Modes

The basic model in Eq 6 has been proposed in a variety of different fields. The different
substantive interpretations of the modes provide a helpful guide for understanding their
potential role in the data analysis. Here I give a brief overview of different interpretations
of the two-mode context as applied in three different fields: computer science, economics
and network analysis. I note that none of these versions is more correct, only more natural
in different contexts. Each case helps to explain how the latent factor model is able to
model heterogeneity.

10Tt is useful to contrast the two mode setting with the difference-in-differences estimator common in
econometrics (Angrist and Pischke, 2008). For binary treatments Heckman, Ichimura and Todd (1997);
Heckman et al. (1998) show that difference-in-differences can be interpreted as a matching estimator. Imai
and Kim (2012) prove that that it is equivalent to weighted two-way fixed effects where the weighting
helps to avoid treatment-control mismatches in comparison sets. The additive two mode model without
priors would be equivalent to the unweighted two way fixed effects estimator. It is unclear whether the
interactive model presented in this paper has a direct interpretation under this framework.

HFor example there are two natural formulations of the tensor decomposition: the Tucker Decom-
position (Tucker, 1964; Hoff, 2011b) and the CP/Parafac model (Harshman and Lundy, 1994). The
Tucker decomposition is more general has the natural natural interpretation of an array normal model
for separable data (Hoff, 2011b). The CP/Parafac is comparatively simpler and is a special case of the
array normal model with a superdiagonal core array. In what follows I make use of the CP/Parafac form
although all the described methods could be applied to the more general case.

12



Low Rank Approximations (Computer Science) A relatively atheoretical frame-
work is to see the latent factors as purely a statistical approximation. The true model may
involve a matrix (or tensor) of different parameters and the goal is to select the best rank
k approximations to that object (Lim and Teh, 2007; Zhao, Zhang and Cichocki, 2014).
This view is prevalent in, for example, the computer science literature on recommendation
systems. If Netflix wants to make a recommendation to you about a particular movie that
you haven’t seen, they use a low rank approximation of the user/rating matrix to make
a best guess. Viewed in this away the interactive latent variables play a role similar to
linear regression in finding a linear dimensionality reduction of the data. Instead of pro-
jecting the data onto the column space of the covariates, the goal is to find the best rank
k approximation (Hastie, Tibshirani and Friedman, 2009; Cunningham and Ghahramani,
2014).

Common Shocks and Varying Response (Econometrics) In the literature on
panel data econometrics, latent factors are given a more explicit substantive interpreta-
tion in terms of time-series cross-sectional data (Bai, 2009). Here the idea is to view
the latent factor for time as capturing a common global shock and the latent factor for
country as capturing the varying responses to those shocks. Countries with similar load-
ings have similar unobserved characteristics that cause them to respond similarly to a
certain type of shock, but crucially each country may respond differently. In this sense
the models are used to introduce a covariance structure amongst the outcomes and are
often framed as an alternative to spatial models (Bai, 2009; Pesaran, Shin and Smith,
1999; Moon and Weidner, 2010a; Pang, 2014). Like the spatial models they are compared
to the econometrics models often assume that the panels are balanced in the sense that a
complete time series is observed for each cross-sectional unit.

A Latent Space (Networks) In networks, a common interpretation originating from
Hoff, Raftery and Handcock (2002), is to view the latent variables as defining a “social
space” where nodes who are nearby in the space are more likely to have ties. In the model
of Hoff, Raftery and Handcock (2002) the latent variables are explicitly parameterized as
distance in this space, but we can conceptualize the interaction of the latent variables
as defining an inner product space. Hoff (2005) shows that this inner product space
captures attractive properties of third order dependence such as clustering or transitivity,
allowing the model to encapsulate logic like a “friend of a friend is a friend.” Rhis is
the same interpretation given to ideal point scaling in political science when we speak of
legislators and bills be projected into a low-dimensional common space (Clinton, Jackman
and Rivers, 2004; Martin and Quinn, 2002; Poole and Rosenthal, 1997).

One contribution of this paper is to demonstrate that these interpretations describe
the same class of models even though they differ in their goals. In computer science,
analysts are often primarily interested in prediction of unobserved elements of the matrix.
By contrast many of the econometric and network models explicitly require that the data
matrix be fully observed. In the econometrics case this requires that every country must
be observed for the entire length of the time-series. In the network case this means that
the edges between every pair of nodes must be observed. In practice this means that the
analyst can generally only use a tiny subset of the available data.
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The goals lead to different practices of interpretation. The emphasis on prediction in
the computer science context means that there is little interest in interpreting the latent
dimensions. In the econometrics setting the goal is typically to adequately control for
some unobserved heterogeneity to accurately estimate a different set of parameters. On
the other extreme, for the networks literature there are typically not other parameters
and interpretation of the latent factors is the sole quantity of interest. I discuss these
approaches and their relations to the extant literature in more depth in Section 5.

3.3 Modeling Group Structure

In the preceding section I discussed interpretations for interactive modes of the data. In
this case each observation has a membership in each mode and the joint effect of that
membership is allowed to be more than the sum of its parts. Thus in the case of time-
series cross-sectional data we are able to capture temporal shocks that do not affect all
cross-sectional units in the same way.

In this section I show how the prior distributions for the latent factors can be used to
model how the groups within a mode are related. This unifies the single mode model with
a wide variety of time-series and spatial regression models including Gaussian processes
(Rasmussen and Williams, 2006), random effects (Fahrmeir and Lang, 2001), dynamic
linear models (West and Harrison, 1997), stochastic volatitlity models (Chib, Nardari
and Shephard, 2002) and spatial autoregressive models (Besag, York and Mollié, 1991;
Held et al., 2005).

Unordered Groups When groups with in a mode have no natural ordering or the
analyst does not wish to model the ordering, the central choice is the degree to which to
pool the parameter estimates. Classical fixed effects use no pooling at all, each group uses
only the observations within that group to estimate the group’s parameters (Angrist and
Pischke, 2008; Wooldridge, 2010). By contrast the multilevel modeling literature uses
partial pooling in which estimates are drawn to a common mean with the strength of
pooling determined by the variance parameter (Gelman and Hill, 2007). In the limit as
the variance of the latent variables goes to zero, we force parameters across all groups to
have the same value and recover the pooled regression estimator.

The general framework described above is able to support the broad range of options
available in the literature on multilevel and longitudinal modeling (Gelman and Hill, 2007;
Snijders and Bosker, 1999). As a default choice I use a class of weakly informative folded
half-¢ distributions as recommended in Gelman (2006). In cases where we allow multiple
sets of parameters to vary by group (such as an intercept and multiple covariates), I also
use the multivariate extension of the half-t prior, the scaled inverse Wishart distribution
(Huang and Wand, 2013). These priors make it feasible to effectively model a large number
of groups each containing relatively few members. Under the estimation framework I
propose in Section 4 computation remains tractable in of these settings.

Ordered Groups In certain cases the groups of a mode will be naturally ordered. For
example, the analyst may believe that the values of a parameter should be smooth through
time or across space. In geography this is neatly captured in Tobler’s law “ everything is
related to everything else, but near things are more related than distant things” (Tobler,
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1970) which essentially suggests that parameters of geographically proximate areas should
be related. It is also the basic premise of autoregressive time series models where we
believe the past influences the present (Hamilton, 1994; Brandt and Williams, 2007).
These notions of inter-related groups allow us to model a mode with a large number of
groups even if each group has relatively few observations. If we are willing to assume,
for example, that parameter values of neighboring time points are related, we can infer
parameter which vary over time even with a relatively small number of units (Martin and
Quinn, 2002; Park, 2012).

The can incorporate ordered group structure information using a broad class of prior
distributions called Gaussian Markov Random Fields (GMRFs) (Rue and Held, 2004; Rue,
Martino and Chopin, 2009). GMRFs are simply high dimensional multivariate normal
prior distributions where the precision matrix is a sparse matrix, (). Thus the from of the
coefficients is:

B ~ Normal(0,Q ") (10)

The precision matrix encodes conditional independence properties on the parameters.
For example, in time series models we often make the assumption that parameters have
a conditional independence structure such that:

Bey1 ~ Normal(fy, o)

where implicitly the value of the parameter at p(5;11]5;) is conditionally independent of
Bi—1. In a GMRF we specify this by making the precision matrix ) tri-diagonal. The
sparsity in the precision matrix arises due to the conditional independence assumptions.
Crucially as long as the matrix remains sparse computation is tractable even for extremely
high dimensional parameters (Rue and Held, 2004).

Many of the previous approaches to modeling complex data structures have focused
on specifying a single mode model with a carefully constructed group structure. These
frameworks can still be in the interactive latent factor setting described in this paper
through the use of the GMRF priors. I direct interested readers to Rue and Held (2004)
for the theoretical framework as well as relations to existing models. A shorter discussion
directed towards political scientists can be found in Wawro and Katznelson (2013).

3.4 Summary

Modeling complex structures in the regression framework can be divided into two related
components: the way different modes of the data interact and the way groups within a
mode are related to one another. I have argued that we move beyond simple additive
forms for models with multiple modes and instead have advocated interactive modes
based on multilinear latent factors. These models gracefully extend from the two-mode
case to an arbitrary number of modes. I have also shown that we can still incorporate
rich information about group structure within a mode which often arises in time-series or
spatial models.
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4 Estimation

In this section I describe a class of fast approximate inference algorithms for posterior in-
ference in the class of models introduced in Section 3. These algorithms use the framework
of variational approximation which is a deterministic form of Bayesian inference (Jordan
et al., 1999; Wainwright and Jordan, 2008). This results in dramatic speed improvements
over existing approaches in the social sciences. These computational improvements are
not a simple novelty; they open a broader class of models as viable alternatives for use in
exploratory data analysis (Gelman, 2004) and iterative model fitting (Blei, 2014).

Variational approximations are made tractable by strong assumptions on the nature
of the dependence in the posterior distribution. This may at first seem at odds with
the more flexible modeling strategy advocated in this paper. However, as I show using
simulation evidence in Section 6, when the estimation algorithms are carefully designed
we can still achieve excellent estimates of the true posterior. Furthermore, we can also use
variational algorithms as a complement to more traditional Markov Chain Monte Carlo
(MCMC) methods, both as a way to quickly explore possible models and as a highly
accurate method of initializing the simulation state.

In the next section I briefly describe the inference problem, current state of the art,
and why it is so challenging for the common tools of Bayesian inference. In the sections
that follow I outline variational approximation treating in turn estimation of interactive
modes, group structure prior and methods for automatically determining the rank of the
approximation. This section is unavoidably more technical than the preceding portions
of the paper and a reader uninterested in the details can safely skip to Section 5.

4.1 State of the Art

Our estimation goal is to calculate the posterior distribution of the latent variables given
the data.

p(Oly) o< p(y|@)p(9)

Each literature has approached this problem in a different way including MCMC ap-
proaches based on Gibbs sampling (Aguilar and West, 2000; Hoff and Ward, 2004; Hoff,
2011a; Pang, 2014), variational inference (Lim and Teh, 2007), Monte Carlo Expectation
Maximization (Agarwal and Chen, 2009), maximum likelihood (Bai and Li, 2014), and a
variety of algorithms based on the singular value decomposition (Bai, 2009; Fithian and
Mazumder, 2013; Nakajima et al., 2013). Among these choices, Gibbs sampling is the de
facto standard for performing Bayesian inference in the social sciences (Jackman, 2000).
Thus I give a brief explanation of how Gibbs sampling works in this context and motivate
the move to alternative inference framework.

Gibbs sampling consists of sequentially sampling from the complete conditionals of
each block of latent variables. As an example, consider the basic two-mode interactive
latent factor models with a Gaussian outcome and no group structure. The model can be

16



stated as:
Yij = Z Ui kVjk + €
k
¢ ~ Normal(0, o?)

MCMC proceeds by iterating between sampling w;; ... u;x for each group i € {1...I}
and v;1...v, for each group j € {1...J}. We then sample the error variance o? and
repeat. This sampler is easy to implement because the updates for each latent factor
takes the form of a regression. So when updating w7 we obtain a complete conditional
which has the same form as a normal regression on the observations in unit ¢ where the
corresponding values of V' play the role of covariates. For non-Gaussian likelihoods, we
can introduce a Metropolis step to deal with the conjugacy (Hoff, 2005). For cases with
M modes the same basic structure holds where the “covariate” matrix is simply a product
over the latent variables that we are conditioning on.

Gibbs sampling is attractive because it retains asymptotic guarantees of recovering
the true posterior. However these guarantees only hold if the chain converges on all
parameters which can be extremely difficult to assess in the high dimensional cases given
here (Gill, 2008). Furthermore convergence is typically extremely slow, with convergence
times on the scale of hours to weeks being common. Slow mixing of the samplers arise
because parameter updates for the interactive latent factors are strongly coupled. The
result is an estimation framework that is not amenable to applied work.

In this section I develop an alternate estimation framework based on Variational
Bayes. I emphasize that this is a complement to more traditional Gibbs sampling strategy.
In the ideal case variational methods can be used to quickly fit and explore new models.
Once a model has been selected we can run the time consuming, but asymptotically more
accurate Gibbs sampler. This allows applied users to try out new specifications, inspect
model fit and re-specify the model (Gelman, 2004; Blei, 2014).

4.2 Variational Approximation

In order to provide a computationally efficient method of posterior inference, I turn to vari-
ational approximation (Winn and Bishop, 2005; Bishop, 2006; Grimmer, 2010; Ormerod
and Wand, 2010). In variational inference we estimate the parameters of an approxi-
mating set of distributions to make our approximation as close as possible to the true
posterior in terms of the KL-divergence. Variational inference turns posterior inference
into an optimization problem. The procedure is deterministic given the initialization and
convergence is typically quite fast and easily assessed.

Before moving to derive the inference algorithms, it is worth emphasizing how the
variational algorithms are able to provide computational efficient estimation where Gibbs
sampling does not. The core posterior inference problem is one of integration, where we
seek to integrate over the latent variables. Due to the interaction of the latent factors
this integration is intractable. Gibbs sampling solves the problem with Monte Carlo
integration. Variational inference solves the problem by constructing an approximate
posterior which factorizes in a way that makes the integration tractable. Thus whereas in
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Gibbs sampling we condition on the value of v while sampling u, in variational inference
we take the expectation over v with respect to the approximate posterior.

The downside of the factorization assumption is that the resulting posterior is an ap-
proximation and is theoretically guaranteed to understate the true variance (Wainwright
and Jordan, 2008). Gibbs sampling also provides an approximation, however (theoreti-
cally) we can always increase the accuracy by running the sampler for longer. In standard
variational methods there is no simple method for trading off computational time for
accuracy .'2 Nevertheless, as I will show the variational approach has excellent accuracy
and yields dramaticcomputational gains.

For the sake of space, I assume a basic familiarity with variational inference methods.
See Grimmer (2010) for an excellent short introduction directed at social scientists. In
the next sections I describe variational inference for interactive latent factors in the one,
two and M mode settings. I then discuss computation for group structure priors.

4.2.1 Single Mode Settings

In single mode settings, the modeling framework described above reduces to a Generalized
Linear Mixed Model (GLMMs) also called multilevel or longitudinal models (Gelman
and Hill, 2007). GLMMs are widely applied and inference procedures for them have
been comprehensively studied. I note that even though MCMC methods are relatively
straightforward for these models (Hadfield, 2010; Martin, Quinn and Park, 2011; Pham
and Wand, 2014), less accurate maximum likelihood methods are still extremely popular
(Pinheiro and Bates, 2000; Bates, 2010) due to their computational convenience (Shor
et al., 2007).

The framework for the single mode setting encompasses a fairly wide range of models.
I refer to Zhao et al. (2006) for an explanation using similar notation. For the Gaussian
outcome with groups indexed by g the model is given by

y|B,u ~ Normal(X 3 + Zu, 0?) (11)
uy| % ~ Normal(0, 27) (12)

where X collects the covariates with globally shared effects and Z is a block diagonal
matrix over groups containing effects which are group specific. The positive definite
covariance matrix Xf captures the covariance across the group-specific effects. Note
that the R superscript is only a notational convenience to remind us that these are the
covariances of the “random” effects.

With conjugate priors for 3, 02, £ the entire model is conditionally conjugate which
significantly simplifies inference. To keep the setup we use a simple set of conjugate priors,

o2 ~ Inverse-Gamma(ac, b,) (13)
»# ~ Inverse-Wishart(Ayr, Byr) (14)
B ~ Normal(0, 051p) (15)

12 Although in the appendix I describe a few methods that allow for more accurate approximations at
the expense of computational time. These methods are particularly geared towards difficult cases such
as the non-conjugacy induced in logistic regression models
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where P is the number of columns of X and Jé is a large value strictly greater than 0.
The approximation to the full joint posterior is

p(B,u, 25, 02) = q(B, u)a(S", 07) (16)
q(8,w)q(X")q(a?) (17)

where in the first line we give the approximate posterior under a minimal product restric-
tion (Menictas and Wand, 2013) and the second line follows due to induced factorizations
(Bishop, 2006).

Under standard variational inference theory (Bishop, 2006; Grimmer, 2010), the op-
timal approximating densities for a parameter 6 take the form

q(0) = exp(Ey(—g)log(p(f|rest)) (18)

Algebraic manipulations show these forms to be

q(B, u) = Normal(pg(s.u), Zg(s.)) (19)
q(0?) = Inverse-Gamma(a,,, b,,) (20)
q(X") = Inverse-Wishart(Ay, By) (21)

where the exact forms of the posterior parameters (a,,b,, Ay, By) are defined in the
appendix. The algorithm proceeds by updating each of the quantities in turn until con-
vergence. Convergence can be assessed by monitoring the Evidence Lower Bound given

by

log(p(ylq)) = E,{log p(y, B,u, £, 0?) —log q(8,u, £, 07)} (22)

In practice the algorithm outlined above can be computationally intensive for data
containing a large number of groups. Following Lee and Wand (2014) I leverage the block
diagonal structure of Z to calculate the necessary inverses. This is cumbersome in terms
of notation but results in substantial computational benefits. I use this basic approach in
the algorithms described below but continue to use the simpler notation as above.

4.2.2 Extensions to Non-Gaussian Settings

For the Gaussian outcome model all the priors conjugate or can be made written in
a conjugate form using data augmentation. This is not true for the broader class of
generalized linear models. These models require a slightly more complicated inference
scheme as a result of the nonconjugate prior. Here I describe inference for the logistic
regression setting. Algorithms for the Poisson and negative binomial model are also
available in Luts and Wand (2013); Wand (2014b) and are comparatively straightforward.

In logistic regression, a Bernoulli likelihood over y € {—1, 1} is parameterized by the
sigmoid (inverse-logit) function of the parameters:

P(yln) = a(yn) (23)
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1 13

where 7 is the linear predictor and o is the sigmoid function Trem ()"

The log-likelihood is then

logp(y) = > _ log(o(ynnn)) (24)

However this leads to an intractable expectation. Instead I introduce an additional local
variational bound on the marginal likelihood. Following Jaakkola and Jordan (2000) I
approximate the sigmoid term using a quadratic lower bound such that

a(yn) > o(&)exp ((yn —€)/2 — M) ((yn)* — &%) (25)
A(€) = tanh(£/2)/(4€) (26)

which introduces a new variational parameter £ for each data point. The bound is tight
at the optimal value of £&. With the introduction of the parameters £ the data likelihood
is now a quadratic function of the parameters to be optimized and thus we get a normal
variational distribution for our regression coefficients with closed form mean and variances.
A(€) ends up playing the role of inverse error variances in a regression style update.

Jaakkola and Jordan (2000) show that the optimal values of the variational parame-
ters can also be solved in closed form by

£ = VEM] (27)

Thus the entire procedure contains only closed form updates and thus does not need to
resort to numerical optimization. Because the approximation to the sigmoid function is a
lower bound, the Evidence Lower Bound is still a true lower bound on log(p(y)). Further
details are given in Appendix A.'

There are numerous other approaches to nonconjugate variational inference (Salimans
and Knowles, 2013; Wang and Blei, 2013; Knowles and Minka, 2011; Ranganath, Gerrish
and Blei, 2013; Tan and Nott, 2013; Marlin, Khan and Murphy, 2011). However, i choose
the lower bound approach for its relative simplicity and computational efficiency. In
Appendix D I describe alternative approaches for handling the nonconjugate terms in
the variational bound including approaches using quadrature (Tan and Nott, 2013) and
piecewise bounds (Marlin, Khan and Murphy, 2011) both of which allow the analyst to
tradeoff computational time for accuracy.

4.2.3 Two Mode Settings

In the two mode case estimation becomes complicated by the interaction between the
latent variables. Consequently a stronger factorization assumption is needed to make the
expectations tractable. Again I start with the simplest version of the model in order

13 Although this representation is less standard in the social sciences, the symmetric form of the likeli-
hood simplifies the notation below.

14The justification of Jaakkola and Jordan (2000) is based on constructing a lower bound for the
marginal likelihood using convex duality. However, recent work by Scott and Sun (2013) has given a
probabilistic interpretation showing the connection to data augmentation using the Polya-Gamma latent
variable family (Polson, Scott and Windle, 2013).
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to demonstrate the basic inference strategy. Using interactive latent effects only for a
varying intercept term and with a Gaussian likelihood yields:

; ~ Normal(z;; 8 + Z Ui kVj ks 062) (28)

i
u; x ~ Normal(0, p3) (29)
v; x ~ Normal(0, 77) (30)
S ~ Normal(0, U%]P) (31)

where, for the moment, I treat the variance of the latent factors p?,72 and the noise
variance o2 as fixed. When notationally convenient I collect the latent factors u into a
matrix U where each row ¢ contains the k factors for group . We denote the row of matrix
U contain the latent factors of group i as U;. V follows similarly.

Following the computer science literature (Lim and Teh, 2007), I assume a factoriza-

tion over the latent factors:

a(U, V., B) = q(U)q(V)q(B) (32)
=[] H (33)

=1
Note that this is not a minimal product restriction on the variational parameters as
either ¢(U) or ¢(V) could be combined with ¢(5) but I separate them in order to keep
the treatment of the two modes symmetric.

The consequence of the stronger factorization assumption is that the approximation
is unable to capture the posterior covariance between the latent factor matrices ¢(U) and
q(V). In the true posterior these effects are going to be negatively correlated, and it
indeed it is exactly this feature which makes Gibbs sampling challenging. This hurts the
accuracy of the approximation and will in general cause the approximation to understate
the variance. That said, this does not appear to substantially detract from the quality of
the approximation for the other parameters ¢(3).

Standard calculations lead to the following Gaussian forms of the approximate den-
sities:

q(U;) = Normal(pte(ur), Xqws)) (34)
q(V;) = Normal(t1y(v;), Zg(v;)) (35)
q(8) = Normal(tg(s), S(g(s)) (36)
The posterior parameters of the approximation are updated as
/7 0 , 0 i v - -
0o 1/72 ... ... (q(v;) T Hq(v) Mgy,
Sy = ; / R e (37)
0 N L = ‘
(Yn — xnﬁ)ﬂq(‘/j n
Ho(Uy) = Z(q(Uy) (Z ( g ( >) (38)
neq ¢
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where  indicates the set of observations for which y is observed. The form of ¢(V)
following analogously. Although the form seems complicated at first, it is simply Bayesian
linear regression with two distinctions. First, we are now fitting the model to the residuals
(y— ) and second we have to include the covariance of the variational distribution when
calculating the cross products.

The variational distribution for [ is even simpler as it corresponds directly to Bayesian
linear regression on the residuals

Yis = iy — E[UJE[V]] (39)
=Yij — #q(Ui)NqT(Vj) (40)

The logistic regression case is essentially analogous to the derivation here so I defer
details to the appendix. A particular feature of the logistic regression case is that further
computational speedup is possible through the use of a case control approximate likelihood
(Raftery et al., 2012). I plan to explore this in future work.

The introduction of a second interactive mode leads to an optimization problem that
contains many local optima. Consequently the choice of how to initialize the algorithm
is particularly important in determining the estimated solutions (Roberts, Stewart and
Tingley, N.d.). From an applied perspective this is problematic because we might elimi-
nate the benefits of our speed improvements by repeatedly fitting the model in order to
find the global optimum.

For the two-mode case we can use recent results in theoretical computer science to find
the global optimum of the Evidence Lower Bound in particular special cases(Nakajima
and Sugiyama, 2011; Nakajima et al., 2012, 2013). Even in cases which are not covered by
this analysis, similar techniques to generate a strong deterministic initialization. I discuss
this approach next.

4.2.4 Initialization for the Two Mode Setting

The initialization procedure defined here is based on the theoretical analysis of Nakajima
et al. (2013) which shows that for fully observed matrices a simple algorithm can find
the global optimum of the variational objective for the Gaussian probabilistic matrix
factorization model with no additional observed covariates. The analysis not only yields
a useful algorithm for initializing the model but it also clarifies some of the properties of
the variational estimation strategy.

The core result of Nakajima et al. (2013) is to show that the globally optimal varia-
tional parameters can be recovered by soft-thresholding the singular value decomposition
(SVD) of the matrix.'”® The idea of soft-thresholding an SVD has arisen across various
applications in statistics (Donoho and Johnstone, 1994; Chatterjee, 2012; Fithian and
Mazumder, 2013). The key to the analysis of Nakajima et al. (2013) is to show the exact
correspondence with the factorized variational Bayes solution. They also show that we
can recover the variances of the latent factors which correspond with the optimal MAP

15S0ft-thresholding is an operation that appears frequently in the literature on sparse estimation. It
means that we shrink the parameter towards zero unless it is sufficiently small at which point we set it
to exactly zero.
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estimation of those parameters under an empirical Bayes strategy. This allows for an
automatic rank selection of the decomposition, often called Automatic Relevance Deter-
mination in the machine learning literature (Bishop, 2006).

The algorithm involves calculating the SVD of the outcome data matrix. The singular
values are then soft-thresholded using a threshold which is estimated from the data based
on the dimensionality of the data and the error variance. The procedure involves only
a single SVD calculation and two uni-dimensional parameter optimization. The compu-
tational cost is dominated by the SVD calculation which for moderate sized matrices is
usually quite small.

The theoretical results in Nakajima et al. (2013) only guarantee that the procedure
finds the global solution in a very restrictive setting: a Gaussian likelihood and the ability
to arrange the data into a fully observed matrix. For the many cases not covered by this
setup the results still provide a useful initialization. Consider for example the model
described in the previous section,

Yy;; ~ Normal(z;; 8 + Zui,kvj,k, a?).
e

I start by estimating the model without the latent factors in order to get an initial estimate
for B. Then calculate residuals (y — z() and arrange them into a matrix. If a particular
combination of groups ¢, 7 does not appear in the data I replace this cell with the mean
of the remaining residuals.’® T then calculate our estimates of q(U)q(V') and use these to
initialize the model.

The SVD procedure can also be embedded into the update process. When the like-
lihood is Gaussian and the matrix is fully observed these conditional updates on the
residuals are exact. With minor levels of missingness in the matrix or a non-Gaussian
likelihood the updates can be used as proposals which are accepted only if they increase
the value of the Evidence Lower Bound.!” Crucially these moves are joint in ¢(U)q(V)
which can be helpful when there are a large number of groups. When using the updates
iteratively I compute the SVD using a relatively recent algorithm, the implicitly-restarted
Lanczos bidiagonalization algorithm (Baglama and Reichel, 2005). This approach allows
us to warm start the algorithm with the previously calculated values and only compute
the number of singular values required by the model. This makes the process significantly
faster.'®

4.2.5 M Mode Settings

The move to the general M-way mode setting is straightforward for the basic variational
algorithms. Due to the assumed factorization of the posterior, the required expectations

16This seemingly ad hoc procedure is given a rigorous theoretical defense in Chatterjee (2012) in terms
of the Frobenius norm of a partially observed matrix. See also the extensive work on matrix completion
using convex optimization methods (Candeés and Recht, 2009; Cai, Candes and Shen, 2010; Mazumder,
Hastie and Tibshirani, 2010).

1For related approaches to using SVD to update parameters see Seeger and Bouchard (2012); Fithian
and Mazumder (2013).

18Tn practice the SVD procedure is valuable as an initialization but typically unnecessary within itera-
tive updates of the algorithm itself. Rigorous analysis of the quality of this procedure as an initialization
and update procedure are left to future work.
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remain tractable and still take the form of bayesian linear regressions. The factorization
of the posterior is now:

0 (8,00 x U) % g(8) [Ta@) - T La@™) (41)

with the latent factors still taking multivariate Gaussian forms.

In the two mode case I exploited matrix decompositions for initializing the model.
In the general M mode setting the SVD and related theoretical results are no longer
available. The data can instead be arranged into a tensor and tensor decomposition can
be used as an initialization (Kolda and Bader, 2009). The particular multilinear form
presented in this article corresponds to a particular type of tensor decomposition called
the CANDECOMP/PARAFAC (CP) tensor factorization (Kolda and Bader, 2009; Hoff,
2011a; Zhao, Zhang and Cichocki, 2014).1

Recent work in theoretical computer science has explored the use of tensor decompo-
sitions for estimating parameters for latent variable models using a method of moments
framework (Anandkumar, Ge, Hsu, Kakade and Telgarsky, 2012; Anandkumar, Liu, Hsu,
Foster and Kakade, 2012; Anandkumar et al., 2013). This work has in turn driven work
on tensor decomposition methods which have provable guarantees (Anandkumar, Ge and
Janzamin, 2014a; Suzuki, 2014). Here I adopt the procedure of (Anandkumar, Ge and
Janzamin, 2014a) for the CP decomposition of non-orthogonal tensors.?® The Anandku-
mar, Ge and Janzamin (2014a) procedure provides global convergence guarantees under
the presence of incoherent tensor components which are essentially a soft orthogonality
constraint.

For now I refer the interested reader to the original papers (Anandkumar, Ge and
Janzamin, 2014a,b), simply noting that the procedure works well for initializing the higher
order models in practice. Further development of this procedure as well as the circum-
stances where guarantees can be made is left to future work.

4.3 Estimation for Group Structure Priors

In section 3 I outlined several options for prior distributions on the latent factors that
allow us to control the way groups within a mode are interconnected. Here I briefly
describe computation for these priors in the variational setting.

4.3.1 Unordered Groups

The conjugate prior for the latent factor variances is the Inverse-Gamma distribution.
Due to the conjugacy the g-density is also an Inverse-Gamma. Consider for concreteness
an Inverse-Gamma prior on coefficients 3 in a linear regression. We place a Gamma(aq, by)

19Unlike matrix decompositions, the tensor decomposition can be challenging to compute in general,
and the workhorse method Alternating Least Squares is not even guaranteed to converge in general
(Kolda and Bader, 2009).

20When the tensors are orthogonal and symmetric the decomposition can be computed using tensor
eigen decomposition (Anandkumar, Ge, Hsu, Kakade and Telgarsky, 2012). Thus the state of the art is
to “whiten” the tensor so that it is orthogonal symmetric and then estimate the decomposition (Anand-
kumar, Ge and Janzamin, 2014a). However whitening is often the most computationally expensive part
of the process and, most importantly for applied use, the least numericall stable (Huang et al., 2013).
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prior on the precision parameter of the Normal density of the P dimensional vector f3.
The optimal ¢ density has the form

q(a) = Gamma(ay, by) (42)
aN:a0+P/2 (43)
by =bo+ .5 Eg 2 (1/0287 ) (44)

The expectation will in turn be a function of the posterior variance as well the mean and
covariance of the coefficients .

In the single mode case it is popular to see more weakly informative priors such as
the Half Cauchy (Gelman, 2006) or the Scaled Inverse Wishart (Huang and Wand, 2013).
These priors are also available within this framework by using data augmentation. Wand
et al. (2011) shows that the Half Cauchy can be represented by

p;, ~ Inverse-Gamma(.5, 1/a;,) (45)
a;r ~ Inverse-Gamma(.4, 1/A7 ) (46)

where the marginal distribution for p?,. is now Half-Cauchy(A;,). Similar results are avail-
able for sparsity promoting priors such as the Laplace distribution, Horseshoe distribution
and Generalized Double Pareto (Wand et al., 2011; Neville, Ormerod and Wand, 2012).
In summary, the variational framework provided here is able to encapsulate the full range
of priors for unordered groups which are typically used in longitudinal data analysis.

4.3.2 Ordered Groups

When groups are ordered the analyst can use the class of Gaussian Markov Random
Fields (GMRFs) to perform inference. As shown in Rue and Held (2004) the key to
tractable computation is the sparsity of the precision matrix () which encodes conditional
independence assumptions in the model. They key to computation is that the sparsity
properties of the precision matrix are inherited into the cholesky decomposition of Q). I
briefly sketch the strategy differing readers to Rue, Martino and Chopin (2009) for more
details.

Consider a GMRF prior on a random variable u such that u ~Normal(u, @'). The
density is then given by

p(u) o¢ |Q[*exp(—.5(x — )" Q(z — p)) (47)

The cholesky factorization gives Q = LL? where again L remains sparse. We can solve
equations of the form Qu = b by solving Lv = b and then LTu = v. These fast system
solutions can form the basis of a Fisher scoring method for finding the posterior mode
(Rue and Held, 2004).

4.4 Rank Determination

In all but the single mode case the rank of the interactive factors needs to be selected. The
issue of setting the model dimensionality is a common concern in latent variable models
(McLachlan and Peel, 2004). Intuitively rank selection places the model on a continuum
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between the case where the effects are purely additive and the case where they are jointly
unique. However rarely is there specific knowledge about this continuum and thus forcing
the analyst to fix the rank a priori is unappealing.?! This is particularly problematic
for MCMC methods where model estimation can take days to weeks which precludes the
possibility of testing alternative specifications.

A simple approach the rank determination problem, which I use throughout the appli-
cations, is to allow each dimension of the latent factor matrix to have a variance parameter
for each rank k which is point estimated in an empirical Bayes framework. A particular
property of this estimation strategy is that it will set unnecessary factors to exactly zero
resulting in a type of rank selection called Automated Relevance Determination(ARD)
(Bishop, 2006).?% In the two mode case, this is called model-based regularization and is
shown to arise due to the nature of variational approximation (Nakajima et al., 2012).
Point estimates of the variances are:

I
1
pr = T—1 Y Eaw)er + Hrgwy) )
i=1

and can also be computed through the SVD based method of (Nakajima et al., 2013). The
ARD dimensionality selection also works in the tensor case (Zhao, Zhang and Cichocki,
2014).

The ARD approach has two major limitations which motivate the possibility of al-
ternative approaches. First, because the ARD approach uses point estimates for the
variances it will necessarily understate the variance of the model (because we cannot be
certain about the true rank). Second, the ARD approach is not compatible with struc-
tured priors on the latent factors as would arise in models of group structure. In both
cases it is necessary to adopt a more explicit model of rank selection.

A Bayesian nonparameteric approach to this problem which has been shown to be
successful in related work is based on the multiplicative gamma process (Bhattacharya
and Dunson, 2011). I plan to develop variational algorithms for this approach in future
work.?? In the applications and simulations below I use the ARD approach for the latent
factors.?*

21T say forcing because it may be that optionally fixing the rank is desirable in circumstances where
the analyst wishes to interpret the latent factors. In that setting having a low dimensional rank can make
visual inspection easier. In this paper, I am primarily concerned with settings where the structure in
the dataset is a nuisance that we use the latent effects to marginalize over rather than something to be
interpreted. Nevertheless, the framework is completely compatible with fixing the rank.

22The ARD approach under a Normal prior as I have used here is closely related to a convex relaxation
of the rank selection problem using the nuclear norm of uv” (Fithian and Mazumder, 2013).

230nly very recently have variational inference methods for the gamma process begun to emerge in the
literature (Roychowdhury and Kulis, 2014).

241 briefly summarize the multiplicative gamma process prior for the interested reader. The idea is
to write the model in a form that explicitly introduces a scaling parameter which is comparable to the
singular value. So for the two mode case we have: n;; = Zk SkU; Vi, where s plays the role of the
singular values. We place a multiplicative gamma process prior on this term multiplicative gamma process
prior on this term as in Bhattacharya and Dunson (2011). This prior takes the form s, ~ N(0,7, ")

with 7, = Hle 0; and ¢; ~Gamma(a.,1) for a. > 1. Thus as the rank increases the precision are
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4.5 Summary

In this section I've outlined computation for the broad class of latent factor models using
variational methods. These algorithms are fast to estimate and unlike simulation based
methods convergence is easily assessed by monitoring the lower bound on the marginal
likelihood. As I will show through simulation evidence in Section 6 inference is also highly
accurate.

In the near future, I will release software implementing these methods for the R
language.

5 Related Work

As T suggested in the introduction the core ideas in the methodological framework I
describe here have been repeatedly reinvented throughout a variety of disciplines. For the
most part these methods seems to have primarily been developed in isolation with few
connections between different sections of the literature. Although a complete review of the
related literature would be impossible, I highlight the related work, drawing connections
which to the best of my knowledge have not been made.

In reviewing the related work I give a practitioners view, dividing the literature
into three broad areas that reflect approaches to modeling structured data. The first
area covers standard regression methods such fixed/random effects and standard error
corrections (Section 5.1), the second area are the uses of interactive latent factor models
of various types (Section 5.2), the third area reviews the relevant work on structured
group priors with a particular focus on models which can be framed as Gaussian Markov
Random Fields (Section 5.3). Finally, I discuss some limitations of this approach.

The key feature across all areas is that although hundreds of different models have
been developed for different types of data there are a relatively small number of common
themes. The models I have presented in this paper can apply to nearly all the settings
described below.

5.1 Fixed/Random Effects and Standard Error corrections

The most common approach to dealing with unobserved heterogeneity is the use of stan-
dard error corrections. These approaches typically use some form of sandwich estimators
for the variance and have been developed for a huge number of data types such as time-
series cross-sectional (Beck and Katz, 1995), clusters (Arellano, 1987), spatial correlation
(Driscoll and Kraay, 1998), dyadic (Aronow and Samii, 2013) and a host of others. In
recent years it has been argued that these corrections do not adequately address the prob-
lem (Beck, 2012; King and Roberts, 2014). I return to one of these critiques in more depth
below.

The second most common approach to modeling heterogeneity is the use of fixed
effects (Angrist and Pischke, 2008), random effects (Wooldridge, 2010), random coefficient

shrunk towards zero forcing rank selection. This approach is developed in Rai et al. (2014) using MCMC
inference with either a truncation or adaptation strategy for handling the dimensionality. These methods
should be straightforward to extend to the variational setting. In this way we could place group structure
priors on the latent factors w and v without interfering with the rank selection prior on s.
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models (Hsiao and Pesaran, 2008) and multilevel modeling (Gelman and Hill, 2007). An
extensive literature has developed around the relative merits of these approaches, much of
which focuses on the choice between fixed or random effects (Browne and Draper, 2006;
Beck and Katz, 2007; Shor et al., 2007; Arceneaux and Nickerson, 2009; Bell and Jones,
2012; Stegmueller, 2013). These approaches are all special cases of the single mode case
of the framework presented here. In the presence of more than one mode, random /fixed
effects models are limited to simple additive forms over the modes. As such these models
are easily replicated in the estimation procedures described in Section 4.

What both the standard error and fixed/random effects literature have in common
is the willingness of scholars to implicitly specify the modes of the data. For example,
scholars are willing to add ‘country fixed effects’ or use standard error corrections which
purportedly address temporal auto-correlation. This suggests that analysts are generally
open to modeling dependence in their data but simply lack easily available approaches
to more sophisticated modeling. The next three sections discuss some of the more so-
phisticated approaches, none of which have enjoyed the widespread use of these simpler
approaches.

5.2 Latent Factors

The use of interactive latent factors has surfaced in a number of distinct areas of the
literature. The idea that differentiates many latent factor models is the parametric form
given to the latent factor. In this work I have presented a latent Gaussian model but other
distributional forms are common in particular applications. Here I give a brief summary
of the most relevant work across disciplines by application area. I focus primarily on
latent Gaussian models as they are the most relevant to this work.

5.2.1 Networks

Latent factor models have been particularly popular in the burgeoning literature on the
analysis of networks. The network literature itself covers a large range of applications
from social networks, protein networks, dyadic analysis and applications in genomics. In
each case the analyst is concerned with modeling a binary outcome y; ; which indicates
a link between node 7 and node j. An extensive survey form a computer science and
statistical perspective is given in Goldenberg et al. (2010).

One of the fundamental models in the network literature is the stochastic block model
(Wang and Wong, 1987). Here the latent factor is assumed to be a discrete variable which
is interpreted to represent membership in a latent community. Thus if two nodes share
a community they have a higher probability of having an edge. Extending the model
to latent variables which lie on the simplex results in the Mixed Membership Stochastic
Blockmodel (Airoldi et al., 2008) where each node has proportional membership across
all K communities.

A different parametric form for the latent factors was created by Hoff, Raftery and
Handcock (2002) based on the notion of a social space. Each node is projected into a
low-dimensional latent space where nodes that are closer together are more likely to have
an edge. This approach was later extended in Hoff (2005) to a latent factor model of the
type considered in the two mode case here, named the Generalized Bilinear Mixed Effects
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model. Although these three models are different in their assumptions of the functional
form they are actually quite similar in their implied mathematical form.

Crucially Hoff’s work gives a rigorous statistical motivation for the latent factor net-
work models from the perspective exchangeable latent variables (Hoff, 2008). Hoff (2005)
shows that the latent factor model is able to characterize a number of properties of the
network that are missed by the additive latent effects framework including transitivity,
balance and clusterability. These models have been imported into political science through
collaborations with Michael Ward and his students (Hoff and Ward, 2004; Ward, Siverson
and Cao, 2007; Ward, Stovel and Sacks, 2011; Dorff and Ward, 2013). Because the interest
has primarily been in networks, the majority of this work considers the two-mode case for
symmetric square matrices with undefined diagonals (i.e. source-receiver structures in an
undirected network). The likelihoods are typically binary (tie or no tie) although alterna-
tive network likelihoods have been considered (Hoff et al., 2013).%° A notable extension of
these two-mode models to the case of networks over time is considered by Ward, Ahlquist
and Rozenas (2013) where the latent factors within each time period are pooled together
using a dynamic linear model.2¢

Recent work has extended these two-mode models to multiway relational data using
tensor decompositions. Hoff (2011a) explores the CP decomposition used in this papere,
and Hoff (2011b) uses a decomposition based on the more general Tucker product.?’
These M-mode models have been applied to a variety of relational data settings including
ANOVA priors with deep interactions (Volfovsky and Hoff, 2012), factor analysis for
multivariate outcome data (Fosdick and Hoff, 2014) and event count models (Hoff, 2011a).
Recent work has moved beyond latent Gaussian priors to consider prior distributions on
the Stiefel manifold which allow for equivariant and scale-free estimation (Hoff, 2013).
Corresponding statistical theory based on the exchangeable random structures is given in
Lloyd et al. (2013); Orbanz and Roy (2013).

The work by Peter Hoff an his coauthors is the single biggest influence on the current
work and thus it is worth explicitly contrasting it to the models considered here. The net-
work models described in this section share four limitations which limit their applicability
for the cases considered here: MCMC algorithms which are slow to estimate, the use of
interactive latent effects only on intercept terms, no ability to place group structure pri-
ors on the latent factors and implementations which are limited to the square symmetric

Z5Hoff et al. (2013) considers likelihoods for fixed rank nomination schemes. Hoff (2005) gives extensions
to the ordered probit case for ordinal relations. The amen package in R implements these two approaches
in addition to normal relational data and binary data all for the square symmetric setting.

26Estimation in the Ward, Ahlquist and Rozenas (2013) is performed sequentially over each time step
using the previous time step as the prior for the next. Crucially, the current paper shows how we can
do joint estimation for this model in the framework given here by using the GMRF representation of the
dynamic linear model in the two-mode case. For a related formulation see Durante and Dunson (2013).

27Specifically the Tucker product represents the tensor decomposition as the product of a core-array
(analogous to singular values of a matrix) with factor matrices for each mode. Hoff (2011b) shows
that this corresponds with an array normal distribution having separable covariance structure. The CP
decomposition used here is a special case of the Tucker Product where the core array is super-diagonal.
I opt for the simpler CP decomposition form to maintain a simpler inference structure. What is lost in
this process is the ability to have different rank approximations along each mode, which should not be a
substantial sacrifice except in the very high dimensional case.
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case.?® T address all of these issues in the unified framework here.
5.2.2 Recommendation Systems in Computer Science

Two related applications in computer science have been strong proponents of latent factor
models: collaborative filtering (recommending items to people) and link prediction (filling
in missing edges in a network). An excellent review of the link between the two is given in
Menon and Elkan (2011). The applications in computer science are the most foreign to the
settings commonly found in social science paper. However, the nature of the problems
addressed in recommendation systems creates a distinctive focus on scalable methods
applicable to large data settings, and the ability to handle incomplete or missing data.
These two features are essential components of the framework I develop in this paper and
play an important role in making these methods broadly applicable. Thus I provide a
brief overview of the relevant literature.

The basic probabilistic matrix factorization model is given in Salakhutdinov and Mnih
(2007) with the corresponding probabilistic tensor decomposition described by Chu and
Ghahramani (2009). Variational algorithms are considered in Lim and Teh (2007) and
Zhao, Zhang and Cichocki (2014) respectively.

The collaborative filtering literature has also considered the inclusion of covariates
where it is used to address the “cold start” problem (i.e. how do you recommend a
movie to a user who has not rated any movies yet). These models consider mode specific
covariates which are used to inform the priors over the latent factors (Agarwal and Chen,
2009; Zhang, Agarwal and Chen, 2011; Agarwal, Chen and Pang, 2011; Chen et al., 2011).
Additional covariate models under different probabilistic assumptions are given in (Miller,
Jordan and Griffiths, 2009; Porteous, Asuncion and Welling, 2010).

Although arising from a distinct literature these models are essentially of the same
form as the network models considered above. However they provide useful insights on
approaches to scalable computation that provide a helpful complement to the network
literature.

5.2.3 Interactive Fixed Effects in Econometrics

In Econometrics, a class of models related to the two-mode case have been considered
under the moniker of interactive fixed effects as a way to model time-series cross-sectional
data (Pesaran, 2006; Bai, 2009). The interpretation given to the models is country-specific
responses to global economic shocks and is often presented as an alternative to a spatial
weights model which side steps the need to choose the weights matrix (Bai, 2009; Sarafidis
and Wansbeek, 2012; Zhukov and Stewart, 2013). Notably the interactive fixed effects
models have recently been introduced to political science by Gaibulloev, Sandler and Sul
(2014) and Pang (2014).%

28 A notable exception is the variational algorithm of Salter-Townshend and Murphy (2013) for the
latent space model of Hoff, Raftery and Handcock (2002). This approach uses a structured mean-
field variational algorithm that requires numerical optimization of several of the parameters whereas the
algorithms I employ here use entirely closed form updates.

29 A variety of estimation approaches have been proposed primarily using the framework of maximum
likelihood or estimators based on the singular value decomposition. Rigorous theory for the maximum
likelihood estimation of these models is given in Bai and Li (2014). Pesaran (2006) presents an estimation
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These models are distinctive from the ones considered here in that they assume no
prior distributions on the latent factors. This precludes the use of partial pooling, group
structure priors and model-based methods of selecting dimensionality.*® Furthermore the
regularization in Bayesian approaches often leads to improved parameter estimation for
high dimensional cases such these.?!

From an applied perspective a significant weakness in all of the above models is that
they require balanced panels (each cross-sectional unit has a fully observed time series of
the same length). In most practical setting this limits the analyst to either a very small
set of cases or a very short time series. As far as I am aware none of the above literature
makes the connection to the network or computer science literature although they are
essentially the same model.?

5.2.4 Additional applications

The latent factor structure surfaces in a variety of other fields including demography (Lee
and Carter, 1992; Brouhns, Denuit and Vermunt, 2002), forecasting (Mammen, Nielsen
and Fitzenberger, 2011; Aguilar and West, 2000), neuro-imaging analysis (Zhou, Li and
Zhu, 2013; Zhou and Li, 2014) and gene expression analysis (Carvalho et al., 2008). A
few general frameworks have been proposed for particular cases: notably in the two mode
case for generalized bilinear regression (Gabriel, 1998) and matrix-variate data (Allen and
Tibshirani, 2012).

A small subset of work considers the combination of latent factor models with the
kind of group structure priors we describe here. Lopes, Salazar and Gamerman (2008);
Lopes, Gamerman and Salazar (2011) consider an interactive two mode model for time-
series spatial data where one of the factors is given a spatial Gaussian Random Field
prior. Durante and Dunson (2013) and Ward, Ahlquist and Rozenas (2013) study a two
mode relational case with dynamic linear model priors.

Finally I note that the same latent factor structure underpins a variety of models in
automated text analysis (Grimmer and Stewart, 2013). Mixed membership topic models,
for example, can be framed as a two mode case (documents and words) where the latent
factors are assumed to lie on the simplex and the likelihood is Poisson (Blei, 2012; Gopalan,
Hofman and Blei, 2013). When given latent gaussian priors these models correspond

framework based on common correlated effects (CCE) which can be estimated using OLS. This framework
is further extended by (Castagnetti, Rossi and Trapani, 2012)

30By model-based, I mean selection of the dimensionality within the context of the model. A variety
of different post-hoc selection metrics have been proposed for choosing the dimensionality of the latent
factors. Most of these involve the use of various information criteria applied to the principal components
of the error structure (Bai and Ng, 2002, 2008). Moon and Weidner (2010b) argues that in the interactive
fixed effects model we don’t need to worry about setting the number too high, only too low, prompting
an investigation of lower bounds.

3lGerard and Hoff (2014) give results that show that the Bayes procedure for the array decomposition
dominates the MLE. This parallels well-known results for the multivariate Gaussian where the MLE of
the covariance matrix is neither admissible nor minimax (James and Stein, 1961).

32Numerous extensions have been proposed that parallel models in the network literature. Such exten-
sions include measurement error (Lee, Moon and Weidner, 2012), temporal lags (Fang, Chen and Zhang,
2013), group shrinkage (Lu and Su, 2013), bayesian versions (Liu, Sickles and Tsionas, 2013), unknown
group membership (Ando and Bai, 2013), and diagnostic tests (Su, Jin and Zhang, 2012).
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exactly to the setting here (Hu et al., 2014).

The framework also encompasses ideal point models of vote counts common in po-
litical science (Clinton, Jackman and Rivers, 2004). Here the two modes are bill and
legislator with a logistic or probit link bernoulli likelihood.

5.2.5 Summary

The core insights of using latent factor structures for modeling complex data has arisen
independently across a truly astonishing number of fields. This review of the literature
is of course not exhaustive but provides a sense of the breadth of applications, inference
procedures and interpretations given to these models. A key goal of this paper is to
highlight the commonality in these myriad approaches and leverage the best features of
different traditions.

5.3 Structured Gaussian Priors

In latent factor models groups are typically un-ordered, with the interactive modes doing
the work of modeling the dependence structures in the data. By contrast, the time-series,
spatial statistics and multilevel modeling literature use the structure between groups to
model dependence in the data. In this paper I've advocated the use of Gaussian Markov
Random Fields (GMRFSs) as a way of representing group structure within the model.
The technical details including the broad range of models GMRF's encapsulate is given
by Rue, Martino and Chopin (2009) and Rue and Held (2004). The advantage is that
this infrastructure allows us to use the extensive work on modeling group structure in
spatial statistics (Besag, York and Mollié, 1991; Franzese Jr and Hays, 2007; Gleditsch
and Ward, 2008), time series analysis (Brandt and Williams, 2007; West and Harrison,
1997; Hamilton, 1994) and multilevel modeling (Gelman and Hill, 2007; Snijders and
Bosker, 1999) all within the context of the interactive latent factor models described here.

Explicit use of GMRFs has been relatively rare in political science. Girosi and King
(2008) argue for a GMRF prior structure for applications in demographic forecasting.
Wawro and Katznelson (2013) advocate the use of GMRFs as a tool for modeling param-
eter heterogeneity in service of bridging methodological divides between quantitative and
qualitative approaches. Fortunately, this is easily incorporated into this paper’s setup, as
discussed in Section 4.3.2.

5.4 Alternative Approaches

In the supplemental appendix I provide a short description of how the latent factor re-
gression framework relates to a number of other related approaches. These include ex-
ponential random graph models (Cranmer and Desmarais, 2011), survival analysis (Box-
Steffensmeier and Jones, 2004), binary treatment causal inference (Imai and Kim, 2012;
Blackwell, 2013), mixture models Park (2012); Imai and Tingley (2012), flexible regres-
sions (Wahba, 1990; Gu, 2013; Beck, King and Zeng, 2000; Hainmueller and Hazlett, 2014)
and graphon estimation (Chatterjee, 2012; Airoldi, Costa and Chan, 2013). Many of these
methods address a specific type of data or take a fundamentally different approach. The
contrast between these alternative methods and the framework developed in this paper
help to highlight the distinctive features of my approach.
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5.5 Limitations

The latent factor regression framework provides a very flexible modeling strategy for
capturing dependence but it nevertheless has some limitations. The most important
limitation is that the framework relies on the ability of the analyst to specify the number
of modes as well as the group membership. In many applications this is a reasonable
limitation; indeed, this is the same information which scholars are implicitly providing
when they specify fixed effects, clustered standard errors or other types of corrections.
Crucially these decisions are natural to make on theoretical grounds as they correspond
to the analyst’s identification of the salient units in the data. An alternative view of
this requirement is an assumption of exchangeability, which guarantees that the data are
conditionally independent given the group-specific latent variables.

The bayesian modeling framework adopted in this paper also requires that the latent
factors are uncorrelated with the effects on the observed covariates. This is the usual
“random effects” assumption and initially seems quite unrealistic. In practice, it does
not appear that the model is particularly sensitive to this assumption (as I will show via
Simulation in the next section). Furthermore we can include covariates containing group
level averages of predictors of interest in order to break this correlation as suggested in
the multilevel modeling literature (Mundlak, 1978; Bafumi and Gelman, 2006; Bell and
Jones, 2012). An exact theoretical characterization of the size of this problem is beyond
the scope of the present work but is an area of interest for future investigation.

Finally, the estimation framework proposed introduces strong independence assump-
tions in the posterior. However, as I will show in the next section, we can still obtain
extremely accurate approximations to the posterior that have favorable frequentist cov-
erage properties on the main effects of interest.?3

In many cases the variational approximation will be sufficiently accurate to provide
posterior inference on the quantities of interest to applied researchers. When a higher
accuracy approximation is needed, the variational approximation can always be used to
initialize a sampling based approach which will asymptotically recover the true posterior.*
Thus we can have the best of both worlds: the fast variational methods can be used to
quickly explore and re-specify models and can then be used to help speed convergence
of the asymptotically exact sampling algorithms. In future work I will pursue MCMC
algorithms which are able to leverage the variational posterior directly.>® While the latent
factor regressions framework does require strong assumptions, we can often weaken our
reliance on these assumptions in various ways. In the next section I provide simulation
evidence which addresses many of the concerns above.

330f course some quantities of interest will be completely unavailable; notable, the posterior covariance
between distributions assumed to factorize. However these terms are rarely of interest in applied work.
When they are, alternative MCMC estimation strategies will be necessary.

341 thank Marc Ratkovic for suggesting this strategy.

35For example, the variational posterior may be useful for developing proposals in a Hamiltonian Monte
Carlo framework (Neal, 2011).
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6 Simulation Evidence

In this section I provide simulation evidence that the estimation framework outlined in
Section 4 provides accurate estimation of model parameters and is sufficiently fast to
enable applied use in an interactive setting. I start with a set of simple simulations for
the single mode (Section 6.1 and then then two mode case (Section 6.2). In each case I
demonstrate that the variational estimation algorithm runs hundreds of times faster than
MCMC while also correctly recovering posterior means and factor rank. I also show that
the 95% credible intervals have excellent frequentist coverage in the single mode case and
are only slightly too narrow in the two mode case.

In both cases, I give some general timing results to provide a sense of the relative
speed of the variational algorithms compared to MCMC. The code I use for variational
inference is unoptimized native R code. I expect the public release of the software to have
substantial speedups over the timing results presented here.

In Section 6.3 I test model sensitivity to the assumption that the latent effects are
uncorrelated with the covariate effects. 1 also provide a comparison to standard fixed
effects strategies. Additional details for the simulations are included in Appendix E.

6.1 Single Mode Case

Simulation I start by considering the single mode case with unordered groups and a
normal likelihood. I consider a case with three covariates which have both population
level and group specific effects. The example is taken from the help file of MCMCpack
and is reproduced in full in the appendix (Martin, Quinn and Park, 2011).3% In the first
simulation I use 20 groups and 1000 observations. In all cases I use the uninformative
half-Cauchy priors the variances and a scaled inverse-Wishart prior for the random effects
covariance matrix.

Speed It is difficult to compare timings between MCMC and deterministic methods
because it is unclear how long one should run the MCMC chain. Here I simply use
the default parameters in the help file which uses 1,000 passes of burnin followed by
10,000 draws from the posterior thinned at intervals of 10. It is also worth noting that
MCMCpack uses highly optimized C++ code compared to the unoptimized native R code for
the variational approach. Even with these caveats the timings are incredibly clear. The
variational solution takes on average 0.205 seconds and MCMCpack takes 27.86 seconds.
Thus the variational solution is 136 times faster. In order to match this speed MCMCpack
would have to use 80 samples to characterize the posterior with no burnin, which is clearly
an unrealistic option.

Accuracy Next I demonstrate recovery of the posterior mean. Figure 2 shows that the
variational algorithm is extremely accurate at recovering the posterior mean (which is
expected given the theoretical properties of variational inference). The posterior credible
intervals also have excellent frequentist coverage with the 95% credible interval covering
the truth in 97, 95 and 96 simulations for the three parameters respectively.

36] use this data generating process not for any theoretical reason but to signal that the inference
method is applicable to a simulation which I did not design for this purpose.
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Figure 2: Recovery of the posterior mean compared to MCMC over 100 simulations on
each of the three main parameters.

Scalability The above results were for 20 groups under 1,000 observations to mirror the
existing data generating process. I ran a second simulation using 122 groups and 2,673
observations to match the application in Section 7.1. Again the variational approach was
substantially faster taking just under 2 seconds compared to 101 seconds from MCMC.

Logistic Regression The logistic case does not enjoy the theoretical guarantees of the
normal likelihood due to the introduction of the additional lower bound on the marginal
likelihood. However, results remain quite strong with coverage of 93%,90% and 96%
on the main three effects and computational time ranging between 0.25-3 seconds.Figure
3 shows the comparison of the posterior means. The posterior means are slightly, but
systematically, biased towards zero for the variational method which is consistent with
previous findings in the literature (Ormerod and Wand, 2012; Tan and Nott, 2013).
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Figure 3: Comparison of posterior means between MCMC and Variational for the logistic
regression case.

6.2 Two Mode Case

Once we move to a model with interactive latent factors it becomes more difficult to
produce a gold standard reference. Many existing inference methods are inapplicable to

35



the case outlined here because the matrix is both non-square (thus ruling out network
inference methods) and partially missing (thus ruling out the econometric approaches).
Assessing convergence in custom MCMC algorithms is challenging even for very small
cases and thus I focus here on assessing recovery of simulated parameters.

Simulation Details I simulate a synthetic dataset based on the actual data from the
application in Section 7.1. This is a time-series cross-sectional analysis where the two
modes contain 31 groups (years) and 118 groups (countries). The outcome data can
be organized into a matrix dimension 118 x 31 with approximately 30% of the entries
being missing. This missing data makes the estimation more challenging because the
initialization procedure no longer possesses any formal guarantees of global optimization.
I chose this setting because it actively reflects the common state of data in the social
sciences.

We also observe a set of 8 covariates collected with an intercept into the matrix X.
Thus the model is:

K
Vij = 2B+ ai+ b+ > v+ € (49)
K1

where a and b are country and time varying intercepts, U and V' are the interactive factors
and € is the normal error term. I simulate all parameters from standard normal distri-
butions and fix the group indexes and covariates X to their observed values. To address
rank selection, I also randomly draw K ~ Pois(A = 3) + 1 which gives a distribution
over integer values ranging primarily from 2-5.3” Note that the rank is estimated and not
assumed by the variational algorithm.

Speed The unoptimized variational code takes about 5 seconds to estimate the model.
Clearly any MCMC timing is going to depend entirely on the number of simulations, but
replicating procedures in the literature I can estimate that sampling each model would
take approximately 2 days.3®

Accuracy I consider two accuracy properties. The ability to recover the true param-
eters and the ability to learn the true rank of the latent factors. In every one of the 50
simulations the algorithm correctly inferred the true rate. Figure 4 shows the true and
estimated parameters for the three blocks of parameters: globally shared regression coef-
ficients (/3), the random intercepts (a, b) and the inner product of the latent factors (u'v).

37The observed distribution of ranks in my random sample was: Rank 1: 2, Rank 2: 16, Rank 3: 9,
Rank 4: 8, Rank 5: 8 Rank 6: 4, Rank 7: 1, Rank 8: 0, Rank 9: 1.

38Here I base the MCMC time on the Gibbs sampling code for the Generalized Bilinear Mixed Effects
model (Hoff, 2005). Ward, Siverson and Cao (2007) in a similar application with only K = 3 latent
factors, ran the sampler for 500,000 iterations which is necessary due to the high auto-correlation in the
chain. In a similar setting Fosdick and Hoff (2013) report running the chain for 500,000 iterations in a
K = 3 latent factor models and calculating effective sample sizes between 734 and 2607. By running a
smaller sample I was able to estimate the average cost of each iteration as approximately 0.373 seconds.
This places the cost of running the simulation for 500,000 iterations at 2.16 days. Clearly one could run
the chain for shorter periods of time but at best one could get about 15 samples in the time necessary
for the variational algorithm to complete.
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For the latter two I use a kernel density smoother (Wand, 20144a) so that the distribution
of points will be more easily visible. We can see clearly by the way the points in all three
panels hug the diagonal that the estimates are extremely accurate. Average frequentist
coverage for a 95% credible interval across all regression coefficients was 92%.

Regression Coefficients Varying Intercepts Latent Factor Terms

10

Figure 4: 50 simulations of the two mode model with estimated parameters in the vari-
ational algorithm. The left panel shows the globally shared regression coefficients with
their estimated and true values across all 50 runs. The middle panel shows the same for
the country and time intercepts. The right panel shows the estimated and true product
of the interactive latent factors.

Scalability We note that convergence is extremely rapid even for larger numbers of fac-
tors. By contrast MCMC algorithms mix substantially slower as the latent dimensionality
rises, requiring dramatically more computational time.

6.3 Simulated Model Misspecification

In this section I examine the performance of the latent factor regression framework in a
case of model misspecification and compare it to the performance of several alternative
strategies. It is difficult to effectively simulate data with the complexities of real-world
covariates; thus, as in the previous section, I use the observed covariates from my first
application in Section 7.1. In contrast to the previous simulation I also use the fitted
values from the model to populate the parameters and latent variables. This allows the
parameters to be arbitrarily correlated and “realistic” in the sense that they represent an
actual model fit. I generate a new error term in order to simulate the outcome (using a
larger error variance than originally estimated).

In order to introduce correlation between the covariate effects and the latent variables,
I randomly drop from zero to seven of the covariates before estimating the model. This
forces the model to capture the covariate effects within the latent factors. I always leave
in one main theoretical variable and evaluate the ability of the model to recover this
parameter.
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I also compare the method to four alternative specifications including two used in
prior work. These specifications are:

1. One-Way Fixed Effects
“country” level intercepts which are the largest source of variation in the model.

2. Two-Way Fixed Effects
“time” and “country” intercepts. This is the additive two-mode model.

3. Global Linear Detrending with One-Way Fixed Effects
“country” intercepts and a linear time trend shared by countries

4. Country-Specific Quadratic Detrending
“country” specific quadratic time trends

The last two specifications are chosen to mirror the empirical strategies used by previous
work. I discuss these in more detail in the applications section.

Figure 5 shows the baseline case with full observed covariates. The fixed effects
and linear detrending strategies are unable to model the dependence and consequently
dramatically overestimate the effect size of the covariate of interest. Quadratic country-
specific detrending does better but has confidence intervals that are entirely too large
whereas the latent factor regression does extremely well covering the interval in 23 of the
25 simulations which is just shy of the 95% coverage rate.

Figure 6 shows the process repeated with seven missing covariates, leaving only the
theoretical variable of interest. Here we can see that the latent factor regression does
extremely well, again having 23 of the 25 intervals covering the truth and only a small up-
ward bias. The other four estimators perform analogously to the fully observed case with
the notable exception that the quadratic detrending now exhibits a strong positive bias.
The remaining cases of missing one to six covariates are presented in the supplemental
appendix.

I emphasize that this simulation does not demonstrate that latent factor regression
is always a superior method. We should expect it to perform the best in this situation
as it is the closest to the true data generating process. The simulation does however
illustrate two important points. First, the latent factor regression performs well in cases
where the latent effects are correlated the observed covariate effects. This corroborates
analogous findings for multilevel models under other simulation strategies (Bafumi and
Gelman, 2006; Bell and Jones, 2012). Second, inadequate modeling of dependence can
cause us to dramatically overestimate our effect of interest.
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Figure 5: 25 simulations from a two-mode model with full observed covariates. Each of
the five estimation strategies is shown with 95% confidence/credible intervals. The red
dashed line indicated the true effect to be recovered. All but the quadratic detrending
and the latent factor regression strategies massively overestimate the true effect size. The
confidence intervals for the quadratic detrending are much too conservative comapred to
the latent factor regression.
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Figure 6: 25 simulations from a two-mode model with all but the covariate of interest
missing. Each of the five estimation strategies is shown with 95% confidence/credible
intervals. The red dashed line indicated the true effect to be recovered.
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6.4 Overview and Limitations

The sequence of simulations above demonstrate the inference framework proposed in
Section 4 is able to estimate simulated parameters with both high accuracy and remark-
able speed. These results hold with interactive latent factors, partially missing data and
nonconjugate likelihoods. Uncertainty estimation is also handled well by the estimation
framework with the credible intervals shown to have excellent frequentist coverage prop-
erties. Finally the automatic rank selection for the interactive latent factors performed
perfectly.

Although accuracy is quite high throughout the most noticeable weakness is in the
logistic regression setting. However, in this setting coefficients are biased towards zero
making the procedure more conservative in the expected estimate of effect size. In future
work I plan to improve the logistic regression approximation, and approaches to doing so
are discussed in Appendix D.

The simulations considered here are limited in that the randomness in simulating the
parameters masks some of the complexity of real applications. I address this partially
by conditioning on existing covariate values and estimated parameters. Nevertheless, an
exploration of more complex simulation studies is ongoing.

Having established the excellent performance of the estimators on simulated data we
now turn to two real applications.

7 Applications

The modeling framework in this paper has broad applicability across the social sciences.
In this framework I focus on two particular applications in the fields of international
relations which motivated the development of this framework. Both cases follow a similar
pattern in the literature of an initial finding of theoretical interest and a methodological
response. They also both use a type of dataset structure that is common in the literature:
time-series cross-sectional and longitudinal network data. I show how these can both be
addressed in the common framework of this paper.

The first application is based on Biithe and Milner (2008)’s study of the role of
international trade agreements in increasing foreign direct investment (FDI). They argue
that membership in the General Agreement on Tariffs and Trade (GATT) and successor
the World Trade Organization (WTO) increase FDI. They use a linear detrending strategy
with country fixed effects and to control for temporal and cross-sectional heterogeneity. In
a methodological critique of robust standard errors, King and Roberts (2014) replicate one
of the models in Biithe and Milner (2008). They introduce a country-specific quadratic
time trend which eliminates the positive and statistically significant effect of joining the
GATT/WTO on FDI. In the framework I have developed here, King and Roberts (2014) is
arguing that the two modes time and cross-section are jointly unique rather than additive
as assumed in Biithe and Milner (2008). I show that by using my modeling framework
we can recover a positive effect of the GATT/WTO on FDI while satisfying the criteria
of King and Roberts (2014).

The second application is an examination of the democratic peace hypothesis and the
subsequent critique in Green, Kim and Yoon (2001) described in Section 2.1. Recall that
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the data is organized in a source-receiver-time structure. The essence of the critique is that
additive mode effects for each country are insufficient to address unobserved heterogeneity
and that each dyad must be considered jointly unique. I build off the extension of this
work by Ward, Siverson and Cao (2007) who consider a two-mode interactive latent
space model estimated separately at five year intervals across the data. I show that not
only can the latent space model be estimated dramatically faster than in Ward, Siverson
and Cao (2007), but also that it is possible to jointly model the time dimension as well
through a three-mode interactive latent factor model. This means that we do not have to
estimate the model by five year intervals, and thereby more naturally partially pool the
data through time-specific random effects. In both cases and contrary to the critique of
Green, Kim and Yoon (2001), a pacific effect of democracy is identified in keeping with
the democratic peace hypothesis.

Both applications share a common theme. The original work identifies two modes
of dependence which are controlled for additively. The critiques in King and Roberts
(2014) and Green, Kim and Yoon (2001) correctly identify that problematic levels of de-
pendence still remain along these modes and threatens the evidence for the main findings.
However, these problems are not easily corrected. Following previous best practice, both
critiques consider the modes of dependence as jointly unique which in both cases causes
the original effect to disappear. The latent factor regression framework occupies a middle
ground between the additive and jointly unique modeling strategies. Crucially it is able to
sufficiently address the dependence in the data while also identifying a significant effect.
This is an important improvement on previous best practice because we should ideally
use statistical procedures that demand the least from the data while still satisfying the
key requirements of conditional independence.

7.1 Political Determinants of FDI

Biithe and Milner (2008) study the political factors which affect foreign direct investment.
Specifically they argue that joining international trade agreements institutionalizes com-
mitments to liberal economic policies which are attractive to the potential investors. Using
a variety of empirical strategies they analyze a dataset of 122 developing countries from
1970-2000 concluding that participation in the GATT/WTO has a positive impact on
FDI inflows.

The observations in the Biithe and Milner (2008) study are at the country-year level.
The authors use two strategies for addressing unobserved heterogeneity within an OLS
framework. First they linearly detrend the outcome and independent variables. To cap-
ture cross-sectional variation they use country fixed effects estimated by demeaning the
dependent and independent variables within groups and adjusting the degrees of freedom
appropriately. Remaining heteroskedasticity in the errors is addressed via the use of robust
standard errors (Arellano, 1987). Biithe and Milner (2008) implements a variety of robust-
ness checks to validate these findings including estimating via generalized least squares,
allowing for an AR(1) process, using panel corrected standard errors (Beck and Katz,
1995), bootstrapped standard errors, and instrumental variable analysis (Wooldridge,
2010). Here I focus on the political and economic factors model (Model 4, Table 1 in the
original paper).
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7.1.1 The Critique

The Biithe and Milner (2008) example is part of a larger critique of King and Roberts
(2014) on the overuse of robust standard errors. They argue

when misspecification is bad enough to make classical and robust standard
errors diverge, assuming that it is nevertheless not so bad as to bias everything
else requires considerable optimism. And even if the optimism is warranted,
settling for a misspecified model, with or without robust standard errors, will
still bias estimators of all but a few quantities of interest (King and Roberts,
2014, pg. 1).

The argument that we are generally better modeling the data rather than relying on stan-
dard error corrections has been echoed throughout the methodological literature (Freed-
man, 2006; Beck, 2012; Dorff and Ward, 2013). King and Roberts (2014) show that rather
than jettisoning robust standard errors entirely we can use them as a diagnostic test of
model misspecification. When robust standard errors differ from their classical counter-
parts it is indicative of some feature of the data that needs better modeling. To formalize
the notion of ‘difference’ between classical and robust standard errors, they develop a
generalized information matrix (GIM) test.

King and Roberts (2014) replicate three articles which use robust standard errors
including Biithe and Milner (2008). After using the GIM test to demonstrate misspec-
ification, they identify the source of the problem as the detrending strategy. Given the
highly heterogeneous set of countries they use a detrending strategy that is both country
specific and quadratic.?® The resulting model does not exhibit the strong temporal trends
in the original model and passes a GIM test for heteroskedasticity and autocorrelation.
The new model gives an estimate of a slightly negative effect of GATT/WTO member-
ship with a confidence interval that covers zero, changing the conclusions of the original
paper. King and Roberts (2014) conclude by noting that they chose a detrending strategy
in order to stay close to the original text, but that “an alternative and probably more
substantive approach would be to drop the detrending strategy altogether and to model
the time series process in the data more directly” (King and Roberts, 2014, pg. 27). This
paper proposes a methodology that does exactly this.

7.1.2 Applying the Latent Factor Model

Using the framework presented in Section 3, I show that we can avoid the detrending
procedure entirely and directly model the interactive effects of time and cross section. I
use an interactive two mode model with country effects (indexed by ¢) and time effects
(indexed by t). Thus the model can be given as:

fdic,t - Xc,tﬁ + Ac + bt + Z uc,kvt,k + € (50)
k

39In Appendix F I provide a comparison of the two detrending strategies in the original feature. The
crux of the matter is that because the detrending in King and Roberts (2014) is country-specific, persistent
covariates such as WTO/GATT membership have most of their variance removed.
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Figure 7: Posterior density of the two coefficients of theoretical interst: GATT/WTO and
Cumulative PTAs for the latent factor model on data of Biithe and Milner (2008).

where a. and b; are country and time specific intercept terms, U and V' are latent factor
matrices for country and time respectively, and € is the normal error term. The country
and time specific intercept terms are given Gaussian priors with Half-Cauchy priors on
the associate variance terms. The factor matrices are given Gaussian priors with point
estimated variances which allows us to infer dimensionality by Automatic Relevance De-
termination. A complete statement of the model is given in Appendix F.

This approach differs from the previous models in a few key ways. First I do not
need to assume a strong parametric form for the temporal effects. The yearly effects are
treated as unstructured parameters allowing for the possibility of abrupt economic shocks.
Second, the temporal and cross-sectional effects are estimated within the model and thus
are available for analysis and interpretation along with their associated credible intervals.
Finally, the model occupies a conceptual middle ground between the two prior solutions.
Time effects can be country-specific but information sharing through the inner product
term wulv; allows for more efficient use of information.

Figure 7 plots the variational posterior of the effects of GATT/WTO and Cumulative
Preferential Trade Agreements (PTAs). The expected benefit of GATT/WTO member-
ship corresponds to an expected increase of 0.205 in log FDI. This corresponds to an
expected 23% increase in FDI for members vs non-members (with a 95% credible interval
of 2% to 46%). The effect is smaller than the original finding Buithe and Milner (2008)
but is still both substantively and statistically significant. A similar pattern holds for
cumulative Preferential Trade Agreements where each additional PTA is associated with
a 5% increase in expected FDI with a 95% credibly interval of 0.4% to 9%.

An added benefit of the latent factor model is that we can use the estimates of the
interactive latent factors to explore the nature of unobserved heterogeneity and hopefully
in the future further refine our theory. Figure 8 plots a projection of the countries into a
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Figure 8: Posterior means of the country-specific interactive latent effects projected into
2 dimensions using Sammon multidimensional scaling. Each successive panel from left
to right is further zoomed in. Countries which are close to each other respond to global
temporal shocks in a similar way.

two dimensional space.? Countries which are near each other in the latent space respond
to common shocks in time in a similar way. This provides a sense of what the interactive
latent effects model is capturing beyond the covariates and two-way country and year
intercepts.

Importantly for the methodological debate over the findings, the residuals in the
latent factor model exhibit temporal correlation similar to the correction proposed in
King and Roberts (2014). In Figure 9 I reproduce the time series residual plot (Figure 9)
of King and Roberts (2014) for the same selection of cases and parameter settings. This
shows that the residuals in the latent factor model are comparable to the country specific
quadratically detrended model while still finding the relevant effect. Further comparisons
across all countries support the finding in the these three sample cases.

7.1.3 Summary

In this example I demonstrated that the latent factor modeling framework can be used
to effectively model a dataset with complex time series and cross-sectional dependence. I
emphasize that the original article by Biithe and Milner (2008) is a carefully performed
study which uses a large number of robustness checks to establish the validity of their
finding. King and Roberts (2014) are also correct in pointing out the remaining corre-
lations in the error structures suggest we should reconsider the evidence for the finding.
Crucially it does not appear that there is any way of modeling dependence that is strictly

40The model estimates the latent factors to be of rank 9 which would mean that a completely faithful
reproduction would require 9 dimensions. Instead I project the effects down to two dimensions using
Sammon scaling of the euclidean distances between the factor loadings (Sammon, 1969). Sammon scaling
has the property of accurately preserving small distances at the expense of larger distances. This increases
the likelihood that countries which are close together in the low dimensional space are actually close
together in the high dimensional space.
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Figure 9: Time-series residual plots for three countries comparing the linear detrending
with country fixed effects (black), country-specific quadratic detrending (red) and latent
factor model (green). Lines give loess smoothed trends with a span of 3/4. This is a
reproduction of Figure 9 in King and Roberts (2014) with the addition of the latent
factor model.

additive in the time and cross-section effects that would adequately control the depen-
dence. Furthermore, existing latent factor models from other disciplines are unavailable
due to the unbalanced panels and asymmetry of the time and cross-sectional structure.
This leaves treating the time series and cross-sectional effects as jointly unique as the
only available option. My approach provides a new intermediate point which allows us to
provide new evidence for the argument of Biithe and Milner (2008).

7.2 The democratic peace

The democratic peace is arguably the most robust empirical finding in the study of conflict.
Maoz and Russet describe it as “one of the most significant nontrivial products of the
scientific study of world politics” (Maoz and Russett, 1993, pg. 624). The canonical
reference is Oneal and Russett (1999) which uses dyad-year data to establish the pacific
effect of trade, joint involvement in international organizations and democracy.*! The
Oneal and Russett (1999) model has been the subject of intense interest and scrutiny,
including a large number of challenges and replies.*? A particularly prominent case of
such a challenge is the “Dirty Pool” debate discussed above.

41Earlier versions of this finding include Maoz and Russett (1993) and Oneal and Russet (1997)

42The literature typically has the followed the pattern of a challenge and reply reaffirming the original
findings. These critiques tend to fall into two camps. The first are methodological concerns such as
simultaneity bias (Keshk, Pollins and Reuveny, 2004; Kim and Rousseau, 2005), non-linearity of effects
(Beck, King and Zeng, 2000) and temporal dependence (Box-Steffensmeier, Reiter and Zorn, 2003; Beck,
Katz and Tucker, 1998). The second are questions of interpretation such as the claim that the finding
is driven by the economy (Gartzke, 2007; Mousseau et al., 2013; Mousseau, 2013) or other confounding
effects (Kacowicz, 1995; Farber and Gowa, 1997; Gartzke, 2000). Generally these concerns are met with
direct responses that reaffirm the original finding (De Marchi, Gelpi and Grynaviski, 2004; Oneal and
Russett, 2005; Hegre, Oneal and Russett, 2010; Dafoe, Oneal and Russett, 2013; Dafoe, 2011). The
findings of the democratic peace have also held when directly tested against a wide variety of alternate
theories (Bennett and Stam III, 2004).
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7.2.1 The Critique

The challenge of Green, Kim and Yoon (2001) in the “Dirty Pool” debate was to appro-
priately model the joint effects of a particular pair of countries in explaining militarized
interstate disputes. Ward, Siverson and Cao (2007) take up this challenge using the so-
cial relations model to model dyadic dependence (Hoff and Ward, 2004; Ward, Stovel and
Sacks, 2011; Dorff and Ward, 2013). As we showed in Section 5, the social relations model
is closely related to the two mode interactive latent factor model. Because the model is
defined for static networks Ward, Siverson and Cao (2007) estimate the model separately
on 11 specific years rather than model all of the time periods at once. This strategy of
modeling distinct “snapshots” of the data has the advantage of allowing for parameters
to be different within each time period, an issue that has been raised before in the con-
text of the democratic peace (Clarke, Goemans and Peress, 2010; Jenke and Gelpi, 2012).
However, it analyzes only a small portion of the data (a total of 11 years in their 50 year
period) and does not allow for efficient to be shared across years. Nevertheless, in most,
but not all years, they find support for the hypothesis that higher levels of democracy
reduce the probability of conflict.
In the conclusion to their article, Ward, Siverson and Cao (2007) write

“One weakness of work on this topic to date is the absence of any substan-
tial consideration of time dependencies despite our demonstration that other
dependencies are important. .. In the long run it will be important to include
temporal as well as higher-order dependencies in our models of interstate in-
teraction. However no one has yet solved this problem (Ward, Siverson and
Cao, 2007, pg. 598).”

Next I show how we can do exactly this by considering the three mode latent factor
model.*3

7.2.2 Applying the Three Mode Model

In order to be able to make direct comparisons with Ward, Siverson and Cao (2007),
I consider only the 10 years considered in their snapshots using the same explanatory
covariates.** The outcome variable is a binary variable indicating the presence of a mil-
itarized interstate dispute for a source, receiver, year triple. I estimate a three-mode
interactive latent factor structure (source, receiver and time). In order to capture tempo-
ral heterogeneity in the parameters I allow each time slice to be governed by a separate
set of covariate effects and pool them together using a hierarchical prior. Collecting all
the covariates and an intercept together in a matrix X and indexing the sender by s, the

43It bears emphasizing here that since the publication of Ward, Siverson and Cao (2007) several pieces
of work have proposed solutions to this general problem, many of which were highly influential on my
current enterprise here. In particular my framework here can be seen as generalization of the approaches
in Ward, Ahlquist and Rozenas (2013); Hoff (2011a).

44The model specification includes the product of polity scores, trade imports, common IGO member-
ship, distance, as well as population GDP and Polity for each of the sender and receivers. Note I use 10
years rather than the full 11 because the replication file is missing the data file for 1970.
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receiver by r and the time by ¢, the model is

Ys.r+ ~ Bernoulli(InvLogit(ns,+)) (51)
Nsrt = Tsrt + TsraVt + s+ by + ¢ + Z ui,?uﬁ?uﬁ? (52)
k

where ~,; are the time specific covariate effects, a, b, ¢ are source, receiver and time specific
intercepts, k indexes the dimensionality of the latent factors, and ui‘g,j is the kth element
of the source mode latent factor for country s with the other terms following analogously.

The prior structures are similar to the previous example with a Normal prior and
point estimated variances on all latent factors. For the time random effects vector ~, I use
a weakly informative hierarchical multivariate prior for the P covariates in the model:

7|2 ~ Normal(0, X) (53)
Ylay...ap ~ Inverse-Wishart (v + P — 1, 2vdiag(1/ay, ..., 1/ap)) (54)
ay, ~ Inverse-Gamma(.5,1/A2) (55)

where p indexes the covariates and v, A3 .. .Az are hyper parameters which are fixed.
Huang and Wand (2013) show that this prior structure is the multivariate equivalent of
the Half-¢ prior proposed by Gelman (2006) and when v = 2 as I use here this corresponds
to a uniform prior over the correlation parameters and each of the standard deviations
having Half-¢ distributions with 2 degrees of freedom.*®

The data consists of 160,052 observations across 165 source countries, 165 receiver
countries and 10 time periods. The size of the data creates a challenging inference problem
and the current implementation of the variational algorithm was quite a bit slower than
in previous cases.*® The model selects a 7 dimensional latent factor.

The posterior distribution of the average effects across the four main dyadic variables
is given in Figure 10. The findings support the basic tenets of the democratic peace
hypothesis with joint democracy showing a pacific effect and trade also decreases the
probability of war. However as in Ward, Siverson and Cao (2007), I find that Joint IGO
membership increases the probability of war which runs counter to the Kantian peace
argument. Finally, I emphasize as did Ward, Siverson and Cao (2007) that the most
dominant effect is a simple measure of distance, reflecting that in the latter half of the
20th century geographic proximity plays the largest role in the probability of conflict.

In sum these results broadly support the Kantian peace hypothesis. Pooling together
the available data allows for a clearer support of the joint democracy finding than the
mostly mixed results from the separate analyses reported by Ward, Siverson and Cao
(2007). Analysis of the residuals by time, dyad and individual source and receiver country
reveals no remaining systematic correlations. Taken with the positive findings for the

45With only 10 groups the covariance in the random effects ¥ is unlikely to be particularly informative.
Nevertheless for many settings this will be an attractive feature of the model and consequently I include
the full multivariate prior form here.

46Ultimately model fitting takes between 10 and 15 minutes for this which is still dramatically faster
than the comparable sampling algorithm. In future work I hope to explore approaches to speeding up
the necessary calculations even further.
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Figure 10: Posterior distribution of the main dyadic effects in the model of militarized
interstate disputes. The grey line gives the 95% credible intervals and the dashed line
marks 0.
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democratic peace, this suggests that the dyad-specific fixed effects solution of Green, Kim
and Yoon (2001) imposed too stringent a demand on the data, eliminating heterogeneity
at the expense of the ability to identify an interesting finding. The method presented here
does not have this problem.

8 Conclusion

In this paper I have introduced a framework for regression with structured data using in-
teractive latent factors, demonstrating its utility through simulation and two applications.
The framework generalizes and extends previous efforts across a variety of different fields.
As such this paper provides an important unifying framework to statistical methodology
(King, 1998) for many data sets applied practitioners now face. I have also developed fast
variational inference algorithms which make the estimation of these models feasible for
applied use and which will soon be available for the open source community.

There are several useful ways in which the current work can be extended. For prac-
tical use it would be helpful to have a suite of diagnostic measures for assessing when
heterogeneity has been insufficiently modeled in the data. Several measures have been
proposed in the literature and a systematic effort to collect and implement these would
be useful for practitioners. On the algorithmic side, I intend to explore methods for
further characterizing the accuracy of the variational posterior and providing methods
to improve accuracy where computationally feasible. Perhaps most importantly publicly
available software will allow a much broader range of applications of the method which
will in turn drive new innovations.
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A Online Appendix Road Map

In the appendix (accessible at scholar.harvard.edu/bstewart) I provide additional details
of materials omitted from the main paper. Appendix A includes the technical details of
the estimation algorithms. Appendices B-D provide additional insights into particular
areas of the literature. Appendices E-F provide additional details on simulations and
applications.

A Variational Inference Algorithms
This appendix details the six algorithms employed in the main text along with a
short discussion of the technical contributions of the paper and a comparison to
existing software implementations.

B Alternative Approaches
This section extends the literature review to include alternative approaches to mod-
eling heterogeneity. Many of these models take a fundamentally different approach
than I have taken here and the contrast clarifies the benefits and tradeoffs of the
latent factor framework.

C Two-Way Fixed Effects and Latent Factor Regression
This appendix outlines the connection between special cases of the latent factor
regression framework and two-way and joint fixed effects estimator. The connections
help to illuminate how the model works with a particular focus on causal estimation
in a potential outcomes framework.

D Improving Accuracy of the Variational Framework
This appendix discusses possible approaches for improving accuracy in the vari-
ational inference framework. It covers two possible improvements: those geared
towards improved modeling on non-Gaussian (and thus non-conjugate) models, and
those geared towards weakening the factorization assumptions in the approximate
posterior.

E Simulation
Here I provide the details to replicate the simulation results in the main paper.

F Additional Application Details
This section collects additional details and results from the applications. Currently

it includes a comparison of the two different temporal detrending strategies in Biithe
and Milner (2008) and King and Roberts (2014).
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Appendix RoadMap

In this appendix I provide additional details of materials omitted from the main paper.
Appendix A includes a summary of technical contributions as well as details of the esti-
mation algorithms. Appendices B-D provide additional insights into particular areas of
the literature. Appendices E-F provide additional details on simulations and applications.

A Variational Inference Algorithms
This appendix details the six algorithms employed in the main text along with a
short discussion of the technical contributions of the paper and a comparison to
existing software implementations.

B Alternative Approaches
This section extends the literature review to include alternative approaches to mod-
eling heterogeneity. Many of these models take a fundamentally different approach
than I have taken here and the contrast clarifies the benefits and tradeoffs of the
latent factor framework.

C Two-Way Fixed Effects and Latent Factor Regression
This appendix outlines the connection between special cases of the latent factor
regression framework and two-way and joint fixed effects estimator. The connections
help to illuminate how the model works with a particular focus on causal estimation
in a potential outcomes framework.

D Improving Accuracy of the Variational Framework
This appendix discusses possible approaches for improving accuracy in the vari-
ational inference framework. It covers two possible improvements: those geared
towards improved modeling on non-Gaussian (and thus non-conjugate) models, and
those geared towards weakening the factorization assumptions in the approximate
posterior.
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E Simulation
Here I provide the details to replicate the simulation results in the main paper.

F Additional Application Details
This section collects additional details and results from the applications. Currently
it includes a comparison of the two different temporal detrending strategies in Biithe
and Milner (2008) and King and Roberts (2014).

A Variational Inference Algorithms

The goal of this appendix is to clarify the technical contributions of the latent factor
regressions project and offer details on the estimation algorithms. Both the model design
and estimation strategy draw from existing components in the literature, but combine
them in novel ways. This work is distinguished from prior work by the development of a
more general framework and attention to the demands of applied data analysis.

Specific novel contributions include:

1. Gaussian Markov Random Field (GMRF) priors with factorization models
This allows the user to optionally include information about how units are connected
(such as temporal or spatial smoothness). Thus they form a complement to the
factorization models: GMREF’s provide a flexible framework for encapsulating known
information and factorization models infer unknown information.!

2. Variational Inference for Factorization Models with Observed Covariates
Prior work used Gibbs sampling methods which are often too slow for applied use.
I build on and extend variational inference algorithms for the class of latent factor
models. These contributions are discussed in more detail below.

3. Initialization Strategies using Spectral Methods
Prior work on variational algorithms has generally not discussed the important
role of initialization. I draw on recently developed spectral methods for parameter
estimation to develop strong initialization strategies for the model.

Taken together the above contributions make the latent factor model a practical approach
to modeling heterogeneity in social science data.

In the next section I provide a summary of technical contributions as well as a com-
parison to existing software implementations. In the sections that follow I summarize the
six estimation algorithms that are used throughout the paper. They are briefly summa-
rized in Table 1. Algorithms 1 and 2 are direct translations of Lee and Wand (2014) but
are detailed here because they serve as building blocks for the more complicated models
in Algorithms 3-6.

I This contribution is about model design and is not further discussed in this appendix. Estimation is
treated in the main paper Section 4.3.2 and follows straightforwardly from Algorithms 1-6 below.



# of Latent Factors
1 2 (Matrix) 3+ (Tensor)

Gaussian Reg. Alg 1 Alg 3* Alg 5*
Logit Alg 2 Alg 4* Alg 6*

Table 1: Algorithms detailed below. Those marked with * are new to this paper.

Brief Reminder:

In the sections that follow I assume a general familiarity with the main text of the
latent factor regressions paper. The paper uses primarily two examples which have
the following salient details:

1. Foreign Direct Investment (FDI) (Biithe and Milner, 2008)
A time-series cross sectional dataset with 118 countries and 31 years. The panels
are unbalanced with approximately 30% of the entries missing.

2. Democratic Peace (Ward, Siverson and Cao, 2007)
A directed-dyadic time dataset with 165 source countries, 165 receiver countries
and 10 time periods.

A.1 Summary of Technical Contributions

The goal of this section is clarify the technical contributions of the latent factor regressions
project before proceeding to the specific algorithms. Both the model design and estimation
strategy draw from existing components in the literature, but combine them in novel
ways. This work is distinguished from prior work by the development of a more general
framework and attention to the demands of applied data analysis.

Estimation in the latent factor regression framework is the combination of estimation
strategies for three components of the model: the matrix/tensor factorization component,
the GLM /regression component and the prior structure. Each of these three has been con-
sidered in the variational inference literature although never in combination. Variational
approaches to matrix factorization (Lim and Teh, 2007) and tensor factorization (Zhao,
Zhang and Cichocki, 2014) have been developed for a squared loss function. Separate
work has considered generalized linear models, such as logistic regression (Jaakkola and
Jordan, 2000), and varying intercept/coefficient hierarchical extensions (Lee and Wand,
2014). Finally, variational inference algorithms have been proposed for various prior
structures such as the Half-Cauchy and Scaled Inverse-Wishart priors (Wand et al., 2011;
Huang and Wand, 2013) both of which I use in the main text.

Algorithms 1-6 of the latent factor regression cover the estimation strategy. These are
summarized in Table 1 and are briefly summarized below before being more extensively
covered in later sections.

Algorithms 1 and 2 (used in simulations) are direct translations of previous work done
in Matt Wand’s research group (Menictas and Wand, 2013; Wand, 2014; Lee and Wand,



2014).2 They are included because they serve as useful building blocks for the models
which include latent factors. Algorithms 3/4 involve the combination of Algorithms 1/2
with prior work on variational algorithms for Gaussian matrix factorization (Lim and
Teh, 2007). The combination of the matrix factorization with observed covariates is
novel and thus required new derivations. Furthermore to the best of my knowledge there
had not been a simple variational treatment for the binary outcome matrix factorization
model (even without observed covariates).® Finally Algorithms 5 and 6 (hierarchical linear
regression and logistic regression models with tensor factorization components) involve the
combination of prior work on Gaussian tensor factorization (Zhao, Zhang and Cichocki,
2014) with Algorithms 1 and 2. Here again the combination of the factorization models
with regressions required new derivations both due to the inclusion of covariates as well
as the extension to binary outcomes.*

Use of alternative prior structures involve a fairly direct translation of work in Wand
et al. (2011) and Huang and Wand (2013). These had not yet been combined with
factorization models however doing so poses no major technical challenges.

One of the challenges in the use of variational inference algorithms is the presence of
many local optima in the objective function. Although initialization of variational algo-
rithms is rarely discussed, it is extremely important in this particular case. I address this
by using recent spectral estimators for the parameters. For the matrix case I leverage
the results of (Nakajima et al., 2013) which establish a direct connection between a trun-
cated singular value decomposition and the global variational solution for fully-observed
Gaussian matrix factorization. Despite the obvious implications for initializing variational
inference I've seen no prior work that leverages this connection.’

A.1.1 Comparison to Existing Implementations

Despite a plethora of previous articles there are very few available implementations of
existing methods. This dramatically limits their use in applied work. Here I highlight the
only publicly available tools for estimating related models. Each is designed to a particular
task that is too narrow to accommodate many applications in the social sciences (including
the two applications in the paper).

Peter Hoff’s group has released software which covers the matrix factorization case
with observed covariates where the outcome matrix is symmetric (eigenmodel R package
(Hoff, 2012), amen R package (Hoff et al., 2014)). These packages are designed for the

2The work of Wand’s group extends prior results particularly Jaakkola and Jordan (2000) and Jordan
et al. (1999) to address various practical concerns in implementation.

3Some caveats are in order here. Notably Salter-Townshend and Murphy (2013) and Bailey Fosdick’s
dissertation Fosdick (2013) contain variational algorithms for binary outcomes with Gaussian latent
factors. However neither has closed form updates due to nonconjugacy resorting to either gradient
descent (Salter-Townshend and Murphy, 2013) or Gibbs sampling (Fosdick, 2013).

4] know of no variational algorithms for binary outcome tensor factorization models. Instead recent
work has approached this computational problem by using various tricks to speed up Gibbs sampling
(Rai et al., 2014).

®Although a similar strategy has been used in related areas (Zhang et al., 2014) including my own
work on topic models (Roberts, Stewart and Tingley, N.d.). See also Seeger and Bouchard (2012) which
uses the Nakajima and Sugiyama (2011) estimator within an EM algorithm as a means of updating the
parameters.



analysis of (small) undirected networks and use MCMC methods which can be quite slow
to converge. They can handle some missingness in the outcome through imputation within
the model. These packages are extremely effective for their intended purpose but fail for
large data and non-network settings. For example in the FDI example from the main
paper the data does not form an undirected network and thus cannot be modeled using
either of the aforementioned packages. The democratic peace application can be treated
as a collection of 10 networks (one for each time point) but cannot be modeled together.

Bada and Liebel (Bada and Liebl, 2014) have released an R package for panel data
analysis (phtt) which includes an implementation of the interactive fixed effects frame-
work described in Bai (2009). In contrast to the Bayesian estimators considered here this
uses maximum likelihood which requires a parameterization of the fixed effects that make
the parameter estimates order dependent.® It also crucially requires balanced panels (i.e.
that all cross-sections contain the same number of observations) and only allows for Gaus-
sian outcomes. While the estimators are substantially faster than the network models,
the balanced panel restriction is an extremely demanding requirement in practice. For the
FDI analysis the 118 country panel has approximately 30% of the cells missing and would
require a substantial drop in either the number of countries or the number of time periods
to be estimable under the interactive fixed effects framework. This is a typical problem
for social science data particularly in international relations and comparative politics.”

In both the network and panel data models the number of latent factors must be
set by hand. This is a huge practical obstruction as it requires information from the
analyst that they are ill-prepared to provide (having little information about what the
factors are). This is slightly less problematic in the panel data setting where the speed
of the estimator makes it possible to simply run the model many times and use model
fit statistics to adjudicate amongst the solutions. By contrast, my approach integrates
selection of the number of latent factors into the model itself.

It is worth emphasizing that all three packages do an excellent job for the types of
data for which they were designed. However, my observation in the main text is that the
same model structure is applicable to a broader range of problems. It is to these newer
applications that the existing software implementations are not well suited.

Surprisingly there aren’t even any variational implementation of hierarchical linear
and generalized linear models. There are several R packages for MCMC algorithms such
as MCMCpack but fast alternatives are limited to quasi-likelihood methods and Laplace
approximations such as provided by 1me4. Thus even implementation of Algorithms 1
and 2 (which are not novel in themselves) constitutes a useful contribution to the research
community. Implementations which are sufficiently scalable to accommodate political
science data with hundreds of groups and thousands of observations are made possible

6That is, the parameter estimate for a country is different if its listed first rather than last. This is
less problematic for a naturally ordered set of groups such as time but is more annoying for unordered
groups such as countries.

Tt is worth noting that the problem may arise even when data is not, strictly speaking, “missing.”
For example when a new country is created it enters the dataset at a particular time. The previous years
aren’t “missing” because it is an ill-defined quantity. However, the interactive fixed effects framework
will still fail to work in this instance.



by the computational strategies described in Lee and Wand (2014) for which my software
will be the first publicly available implementation.®

A.2 Algorithm 1: Hierarchical Gaussian Linear Models

Algorithm 1 for hierarchical Gaussian linear models is a direct translation of Algorithms 1
and 2 in Lee and Wand (2014). It serves as a core building block for the later algorithms
as well.

A.2.1 Preliminaries

In the case of a single mode problem the latent factor regression framework reduces to
hierarchical modeling. Algorithm 1 covers the particular case of a Gaussian likelihood
with varying intercepts and slopes and weakly informative priors. With groups indexed
by g the model is given by

y|B,u ~ Normal(X 3 + Zu, 0?) (1)
uy| 2 ~ Normal(0, ©) (2)

where X collects the covariates with globally shared effects and Z is a block diagonal
matrix over groups containing effects which are group specific. The positive definite
covariance matrix Y% captures the covariance across the group-specific effects. Note that
the R superscript is only a notational reminder that these are the covariances of the
random effects.

With conjugate priors for 3,02, £ the entire model is conditionally conjugate which
significantly simplifies inference,

o2 ~ Inverse-Gammal(a,, b,) (3)
Y ~ Inverse-Wishart(Ayr, Byr) (4)
3 ~ Normal(0, 03/p) (5)

where P is the number of columns of X and a% is a large value strictly greater than 0.
A.2.2 Non-Conjugate Priors

However, in practice it may be better to use a more weakly informative prior for variance
components (Gelman, 2006). By using the data augmentation results in Wand et al.
(2011) we can adopt non-conjugate priors such as the Half-Cauchy distribution (Gelman,
2006) and the scaled inverse Wishart (Huang and Wand, 2013).

Wand et al. (2011) shows that the Half Cauchy can be represented by

P, ~ Inverse-Gamma(.5, 1/a;,) (6)
a;; ~ Inverse-Gamma(.4, 1/47,) (7)

8The algorithms in Lee and Wand (2014) are non-trivial to implement deriving mostly from careful
inversion of particular types of sparse matrices. Thus a practitioner is unlikely to find the paper and
implement the methods on their own.



where the marginal distribution for ,01277, is now Half-Cauchy(4;,). The multivariate ex-
tension of the Half Cauchy distribution is given by Huang and Wand (2013)

SEak ,afR ~ Inverse-Wishart (v 4 ¢® — 1, 2vdiag(1/al, . . ., 1/6%?1%) (8)
alt .. .afR ind. Inverse-Gamma(.5,1/A3% ) (9)

where v is a parameter set by the user. When v = 2 the correlation parameters have
uniform distributions over (-1,1) and the standard deviations have Half-¢ distributions
with 2 degrees of freedom (Huang and Wand, 2013).

A.2.3 Variational Approximation

The approximation to the full joint posterior is

p(ﬁ,u,aR,au,ae,ER 0-20-2) (B,U,CLT,CLU,CLE) (ZR 02 02) (10)

T U € YUY €

— 4B wa(=Pa(oa(ar) [T o™ T alaw) [[ale%) (1)
r=1 =1 =1

where in the first line we give the approximate posterior under a minimal product restric-
tion (Menictas and Wand, 2013) and the second line follows due to induced factorizations
(Bishop, 2006; Lee and Wand, 2014).

Thus the approximate evidence lower bound can be given as:

log p(y; q) = E,{log p(B.u,a”, ay,,ac, 25, 02, 02) —log q(B.u,a?, ay,a., 2,02, 02)} (12)

Under standard variational inference theory (Bishop, 2006; Grimmer, 2010), the op-
timal approximating densities to maximize Equation 12 for a generic parameter 6 take
the form

q(0) = exp(Eq—g)log(p(f|rest)) (13)

Because the model is in the conjugate exponential family (after data augmentation for
the priors) the approximate posteriors are in the same family as their prior distributions.
Each approximating family is described below.

A.2.4 Optimal Variational Densities

Algebraic manipulations show these forms to be

q(5,

Normal(tt4(8,u), Xq(8,u))

u) =
q(0?) = Inverse-Gammal(.5(N + 1), By(2))
q(ac) = Inverse-Gamma(1, By(q,))
q(0?,) = Inverse-Gammay(. (qf +1), Byo2,)
q(aye) = Inverse-Gamma(1, By(,,))
q(a®) = Inverse-Gamma(. (1/ +¢"), Byary)
q(3") = Inverse-Wishart(v + m + ¢" — 1, Bysr))



where fiq(3,u); 2q(8,u) are the mean and covariance of ¢(,u) and the parameters B are the
rate parameters of the various approximating distributions. Estimation proceeds through
cyclical coordinate ascent on the variational distributions.

The above algorithm only works well when the number of groups is not too large.
To make the algorithm scalable I follow Lee and Wand (2014) in defining a streamlined
algorithm which uses some matrix algebra tricks to allow for effective inversion of the large
matrices. For this we partition parameters into groups G and R where the R group are
the random intercepts and coefficients for a large number of groups and the G parameters
collect any remaining parameters. Further define the matrix C¢ = [X Z¢].

This allows us to use the following sequence of updates

Gi = pg(1/02)(C)TXT (14)
H; < {ptg(102) (X (X)) + Mysry-1y} " (15)
—2 -1

G\T ~G Og 0 .
Yig(Bu®) {r“q(l/a?)(c N 0 blockdiag(ﬂq(l/gzz)fqzc)} S} (18)
Ha(BuS) < Ha(1/02) Sq(auc) {(C9) Ty — s} (19)
Haeurty = Hi {1tg01/02)(XT) 0 — Gl pgsuc) } (21)

G XlRﬂq(uf’) TG

Byo2) < Hg(1/a0) T -5 | ||y — C7 pig(p.uc) — : +tr{(CY)" C"Ey(su0) }

Xrlr%uuq(uﬁ) (22)

R\T yR -1 T
+ Ztr{(X@' ) X, Zq(uf)} - 2:%(1/03) Ztr (GiHiGi Eq(ﬂ,uc))
i=1

=1



Ba(ije2y < 5 mi+ 1)/ By (23)

=1
Lg(1/a0) < 1/{bqjo2) + AT} (24)
Byar) < v (Mysry)),, + A (25)
Ha(1/am) < 5V + ™)/ By(am) (26)

T .
By ) <Mq<uﬁ>ﬂq<uf> + Eq(uﬁ) + 2vdiag <#q<1/a§>7 e vﬂq(l/afR>> (27)
i=1

Mq((ZR)—l) <— (V +m + C]R - 1)3;(;1%) (28)
Haq(1/aye) 1/{uq(1/024) + A;ZQ (29)
¢ +1

Hq(1/02,) 3
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A.2.5 Algorithm 1

With the updates given we can now state algorithm 1. Numbers in parentheses indicate
the equation number for the update.

1: repeat

2 S+ 0

3 50

4 fort=1...m do

5: Update G; (14), Update H; (15)

6 Update S (16), Update s (17)

7 end for

8 Update ¥y,4¢) (18, Update pi(y(s,40) using (19)
9: fort=1...m do

10: Update Xy,zy (20), Update fiy¢,ry (21)
11: end for

12: Update By2) (22)

13: Update f14(1/02) (23)

14: Update fig(1/4.) (24)

15: forr=1,...,¢% do

16: Update By,ry (25), Update fiy(1/4r) (26)
17: end for

18: Update Bq(ER) (27)

19: Update Mq(ER)—l (28)

20: for /=1...L do

21: Update pg(1/a,,) (29), Update pq(1/02,) (30)
22: end for

23: until convergence in p(y;q)




A.2.6 Computation

A few quick notes that help to speed implementation in practice:
e Use R’s native recycling to avoid matrix multiplication with a diagonal matrix.

e The matrix inverses all involve matrices which are guaranteed to be positive definite
and thus can be inverted quickly through the Cholesky decomposition.

e Many of the operations particularly (C%)?(C%) can be cached.

e Many of the symmetric matrices can be computed more rapidly using R’s crossprod
function to avoid computing both off-diagonals.

A.3 Algorithm 2: Hierarchical Logistic Regression

Algorithm 2 is a direct translation of Algorithm 3 in Lee and Wand (2014). Again it
serves as a useful building block for later algorithms. Minor changes are made to the
notation and presentation to fit the context.

A.3.1 Variational Approximation

In logistic regression, a Bernoulli likelihood over y € {—1,1} is parameterized by the
sigmoid (inverse-logit) function of the parameters:

P(yln) = a(yn) (31)

where 7 is the linear predictor and o is the sigmoid function
The log-likelihood is then

1 9
1+exXp(—n) "

logp(y) = > log(o(ynnn)) (32)

However this leads to an intractable expectation in the variational approximation. Instead
I introduce an additional local variational bound on the marginal likelihood. Following
Jaakkola and Jordan (2000) I approximate the sigmoid term using a quadratic lower
bound such that

o(yn) = o(&)exp ((yn —€)/2 — A€) ((yn)* — €7)) (33)
A(€) = tanh(£/2)/(4€) (34)

which introduces a new variational parameter £ for each data point. The bound is tight
at the optimal value of £&. With the introduction of the parameters £ the data likelihood
is now a quadratic function of the parameters to be optimized and thus we get a normal
variational distribution for our regression coefficients with closed form mean and variances.
A(€) ends up playing the role of inverse error variances in a regression style update.

9 Although this representation is less standard in the social sciences, the symmetric form of the likeli-
hood simplifies the notation below.
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Jaakkola and Jordan (2000) show that the optimal values of the variational parame-
ters can also be solved in closed form by

= VEMN] (35)

= \/diagonal (C’{Eq(@gu,g) + Mq(ﬁ,u;é)ﬂg(ﬁ,u@}CT> (36)

Thus the entire procedure contains only closed form updates and does not need to resort
to numerical optimization. Because the approximation to the sigmoid function is a lower
bound, the Evidence Lower Bound is still a true lower bound on log(p(y)).

The justification of Jaakkola and Jordan (2000) is based on constructing a lower
bound for the marginal likelihood using convex duality. Additionally, recent work by
Scott and Sun (2013) has given a probabilistic interpretation showing the connection
to data augmentation using the Polya-Gamma latent variable family (Polson, Scott and
Windle, 2013).

A.3.2 Optimal Densities

Conditional latent variables ¢ we get a normal density for ¢(5,u) which means that
optimization proceeds much as in Algorithm 1. I define some new terms (in the same
style as above) before defining Algorithm 2.

Gy « 2(CE) diag{A(&)} X7 (37)
H;  {2(XP) diag M€ HXE) + My 1)} (38)
S S+ GHGT (39)

_ -1
Fatoci) < {2(OG)Tdiag{)\(§i)}CG + 082 blockd1ag(2q 1021 G)} S} (41)
Ha(@u6:6) = Ha1/o2)Zq(s,9) { (CF) (y = .5) — s} (42)
5y e—-ff-+—ff(?.ELKBHG)C?}{- (43)
Par) < Hi {tta01/02 (X (i = 5) = G pg(s.u6) } (44)
£? « diagonal {C a(Bue) + Mq(ﬁug),uq(lgug))(CG)T} (45)
& « 2diagonal (CF (=q(sue) Gili + tg(s.u6) Ha(s.0.6) (Xi)T) (46)

Fa(
+ diagonal <XZ-R (Eq(uﬁ;g) + uq(ui;g),un(ui,g)) (Xﬁ)
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Byap) < v (Myzmy)),, + Az’
Ha(/ar) < BV + q7)/Bqyar)

T .
By ) (Hq(uﬁwq(uﬁ) + Eq(uﬁ)) +2vdiag (Hq(l/a{*)’ = aﬂqu/af;R))
i=1

Mq((ZR)—l) — (l/ +m + qR — 1)Bq(§;R)
'LLQ(l/auZ)) — 1/{/'Lq(1/0'24) + A’l:;

¢ +1

Hq(1/02,) = 2
+ tr(zq(Uf;&))

20901 /a,pe) F [Hg(uS)

A.3.3 Algorithm 2

With the updates above we can now state Algorithm 2.

23:
24: until convergence in p(y; q)

s+ 0
fort=1...m do
Update G; (37), Update H; (38)
Update S (39), Update s (40)
end for
Update X546, (41, Update pyp.u0.) using (42)
fort=1...m do
Update X,z (43), Update fige,r.e) (44)
end for
Update &2 (45)
fort=1...mdo
Update &2 (46)
end for
forr=1,...,¢% do
Update By,ry (47), Update fiy(1/4r) (48)
end for
Update Bq(ER) (49)
Update Msry-1 (50)
for /=1...L do
Update pg(1/a,,) (51), Update pq(1/02,) (52)
end for
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A.4 Algorithm 3: Gaussian Outcome Matrix Factorization

In Algorithm 3 I show how to connect the Gaussian linear regression in Algorithm 1 with
a matrix factorization model. The model can be stated as:

60
61

o? ~ Inverse-Gamma(.5, 1/a,)

yij ~ Normal(z;;8 + Z;;v + Z Uj j V) 1y O2) (53)
K
u; x ~ Normal(0, p}) (54)
v;x ~ Normal(0, 77) (55)
3 ~ Normal(0, o51p) (56)
v ~ Normal(0, %) (57)
SEak ,afR ~ Inverse-Wishart(v + ¢* — 1, 2vdiag(1/af, ..., 1/afR) (58)
alt .. .afR ind. Inverse-Gamma(.5,1/A%,) (59)
(60)
(61)

ac ~ Inverse-Gamma(.4, 1/A?)

where I have switched the notation of the random effect to v to reserve u as one of the
latent factors.

In order to get the dimensionality selection effects of Automatic Relevance Determi-
nation we will point estimate the variances p?, 72 as explained below.

When notationally convenient I collect the latent factors w into a matrix U where
each row ¢ contains the k factors for group :. We denote the row of matrix U contain the
latent factors of group i as U;. V follows similarly.

A.4.1 Matrix Factorization Component

Following the computer science literature (Lim and Teh, 2007), I assume a factorization
over the latent factors:

q(U,V, ) = q(U)q(V)q(B) (62)
= [Ja@) J]a(Vi)a(5,%) (63)

Note that this is not a minimal product restriction on the variational parameters as either
q(U) or ¢(V) could be combined with ¢(53,~) but I separate them in order to keep the
treatment of the two modes symmetric.

The consequence of the factorization assumption is that the approximation is unable
to capture the posterior covariance between the latent factor matrices ¢(U) and ¢(V). In
the true posterior these effects are going to be negatively correlated, and it indeed it is
exactly this feature which makes Gibbs sampling challenging. This hurts the accuracy
of the approximation and will in general cause the approximation to understate the vari-
ance. That said, this does not appear to substantially detract from the quality of the
approximation for the other parameters ¢(/3).1

ONote that in practice I always include standard additive effects for the rows and columns of the
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Standard calculations lead to the following Gaussian forms of the approximate den-
sities:

q(U;) = Normal(ptq(u,), Xqw)) (64)
q(V;) = Normal(sg(v;), Zg(v;)) (65)
q(8) = Normal(tg(s), S(g(s)) (66)
The posterior parameters of the approximation are updated as
/7 0 , 0 i v . -
0 1I/m ... ... (a(vy) T Ha(vi)Hgws)
Ra(Us) = : : i - : + Z o2 = (67)
0 O L =
(Yn — xnﬁ)l’LQ(Vj )
Ho(y) = Z(q(Uy) (Z ( g (n) ) (68)
ne €

where  indicates the set of observations for which y is observed. The form of ¢(V)
following analogously. Although the form seems complicated at first, it is simply Bayesian
linear regression with two distinctions. First, we are now fitting the model to the residuals
(y— ) and second we have to include the covariance of the variational distribution when
calculating the cross products.

The variational distribution for [ is even simpler as it corresponds directly to Bayesian
linear regression on the residuals

vi; = i — E[U]E[V]] (69)
= Yij — /ﬁq(Ui)MqT(vj) (70)

Note that this has a tractable form due to the factorization assumption that defines
EU, Vi'] = E[U]E[V]].
A.4.2 Optimal Densities

Most of the optimal densities follow by replacing the outcome y with a working response.
In addition the following three updates are required for algorithm 3.

I
TI- 12 v+ ()" taw) (71)
1=1
J
pr = - 12 avi) ek + (Hg(v;)) Mq(‘G)) (72)
7j=1

The update for the error rate parameter is substantially more complicated due to
the inclusion of the latent factors. It is useful to define it in several pieces, using ncgs

matrix into the components [3,~. This has the benefit of weakening the dependence on the factorization
assumption.
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to indicate the fitted portion of the linear predictor due to the observed parameters and
additive effects and nyyr to indicate the fitted portion due to the latent factors.

o G Xﬁ”q(vf%)

77( B) = Y —C" pg(p0) — :

Xoiba()
wov) _ T

Mg~ = Ha)Hgwvy)

Also define a term ( to capture a portion of the regression context.

m

Cop = tr{(CG)TCGEq(BNG)} + Ztr{(Xz‘R)TXiRZQ(%R)} o 2'uq_(ll/UE) Ztr <GiHiGiTZq(6wG)>

=1 =1

We also define a term to capture a piece from the matrix factorization component. Here
we double index y as though it is arranged into a matrix.

Cuyr = Z Yij — Q?Jz‘,jﬂq(Ui)“qT(Vj) +tr [(EQ(Ui) + MQ(Uz‘)“qT(Ui)) (Zq(Vj) + MQ(‘G)M‘IT(VJ)H
ijen

The trace term can be efficiently computed because both matrices are symmetric and thus
the trace is the sum over their elementwise product:

tI‘(AB) = Z AijBij
ij

With these components together we can right the update as

(5)
1)

n@|° 1 8 (73)

uvT CB
Bq(ag) — CUVT —2 (Z (yl] - 771(] ))771(] )> +

1,j€Q

A.4.3 Algorithm 3

Updates after yyorking should use the working version of the response in place of y.

1

2

3 540

4: Yworking Y- TI(UV)

5: fori=1...mdo

6 Update G; (14), Update H; (15)
7 Update S (16), Update s (17)

8

9

end for
: Update ¥y5,c) (18, Update 43,0y using (19)
10: for:=1...mdo
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11: Update X, (20), Update fi,¢,r) (21)
12: end for

13: Update Yworking < Y — n(cﬁ)

14: fori=1...1do

15: Update Xy, (67)

16: Update p,1r,) (68)

17: end for

18: for j=1...J do

19: Update Eq(Vj) (67)
20: Update g,y (68)
21: end for

22:  Update 72 (71)

23: Update p? (72)

24: Yworking < Y

25: Update By2) (73)

26: Update jig(1/52) (23)

27: Update fig(1/a.) (24)

28: forr=1,...,¢% do

29: Update By,ry (25), Update fig(1/4r) (26)
30: end for

31: Update Bysry (27)

32: Update Mq(ZR)—l (28)

33: for/=1...L do

34: Update p14(1/a,,) (29), Update Ha(1/02,) (30)
35: end for

36: until convergence in p(y;q)

A.4.4 Initialization Methods

Due to the multimodality in the posterior distribution it is helpful to initialize the vari-
ational algorithm carefully. Here and in Algorithm 4-6, I initialize by updating the coef-
ficients 3,7 and then using the spectral algorithm of Nakajima et al. (2013) to estimate
q(U)q(V) from y — E[XB + Z).

In short, the Nakajima et al. (2013) approach involves using a truncated singular
value decomposition to estimate the parameters of the variational posterior. In the case
of imbalanced panels this requires filling in the missing elements of the matrix. Using {2
to denote the observed indices, I use a simple mean imputation:

Yia < E[Yq)] (74)

This is the same procedure as used in Chatterjee (2012) which provides a theoretical
justification for the choice. An alternative strategy would be to impute the values using
an algorithm such as Soft-Impute (Mazumder, Hastie and Tibshirani, 2010) which is
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itself based on a singular value decomposition. Extensive study of the properties of these
estimators is left to future work.

The exact version of the algorithm used is in Nakajima et al. (2012) with supporting
details in Nakajima and Sugiyama (2011); Nakajima et al. (2013). Further details will be
filled in here as well in future drafts.

A.4.5 Dimensionality Reduction

In algorithms 3-6 I use Automatic Relevance Determination to choose the dimensionality
of the latent factors. This involves point estimating the factor variances p and 7 which
produces a model-induced regularization effect (see for example Nakajima et al. (2013) on
the origins of this effect). In practice this means estimating the model with the maximal
number of latent factors and dropping them out as their variance parameters go to zero.

An added benefit of using the spectral initialization is that we get an initial estimate
of the dimensionality which can help defray computational costs. Then as the variances
fall below a certain threshold they are dropped from the model.

A.5 Algorithm 4: Logistic Regression with Matrix Factorization

A.5.1 Preliminaries

The model can be given as:

y; j ~ Bernoulli(c(n)) (75)
n=xyB+ Ziy + Y ikt (76)
k
u; . ~ Normal(0, p3) (77)
v;x ~ Normal(0, 77) (78)
3 ~ Normal(0, o51p) (79)
v ~ Normal(0, %) (80)
Saf,. .. als ~ Inverse-Wishart(v + ¢™ — 1, 2vdiag(1/af’, ..., 1/al%) (81)
alt .. .afR ind. Inverse-Gamma(.5,1/A3% ) (82)

The logistic regression with matrix factorization problem is slightly more complicated
than the Gaussian regression because it is slightly more difficult to define the working
response. Using the formulation in Equation 33 we can show the working response for
the estimation of ¢(3,7) is y/2 — 2y*n*A(£) where n* is the portion of the linear predictor
to be removed.

A.5.2 Optimal Densities

All the optimal densities remain in the same families as given in Algorithms 2 and 3.
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G: + 2(CEY diag{A(€) } X (33)
Hi = {2(XP) T diag A X)) + My} (84)
S <4 s+ GiHi(XiR)T(yworking> (86)

. 072 0 -
Xg(8A0:) {Q(CG)leag{)‘(gi)}CG - [ 8 blockdiag( s, (1/2 2 1q c)} S} (87)
Ha(61:6) < Ha(1/02)Dq(69) L (C9)" (Yworking) — 5} (88)
Soyr) < Hi +HG.TZ (66 GiH; (89)
bty Hu L X (i) — s} (90)
1 /Tl 0 ... 0 s S\
0 1/ ... ... (a(v;) T Ha(vi) gy,
() : /: i - N Z : >\(§q) - o)
0 ... ... 1/2)
(yworking - xnﬂ)“‘](vy n))
Ha(wi) = Xq(vr) (Z ( NG - ) (92)
neq
£? « diagonal {E (Ccg+uvhH(es+uvhT} (93)
B a(aR) <— Vv ( )rr + ART‘ (94)
[q(1/aft) < 5(’/ + q )/B (aR) (95)
Byzn) Z (”q(u 7y Zgn )) + 2vdiag <#q<1/a§>’ E >#q<1/a§~R>> (96)
Mq((ER)—l) — (I/ +m + q — 1)B (;R (97)
Ha(faye) < 1/ {lq/e2,) + Aui (98)
G
q; +1
Ha(1/o2,) <= — (99)
2:“(1(1/%@/5) + | Hq(ug) (EQ(U?;S))
1 I
T = T 1 D (Sqwn)ik + () taws) (100)
=1
2 1 d T
P =51 2 (B + (a0) 11a0) (101)

<
Il
—

A.5.3 Algorithm 4

With the statements above we can now give Algorithm 4
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33:

s+ 0
Update Yworking < y/2 - 2y2 (Mq(U)MqT(V))A(g)
fort:=1...mdo

Update G; (83), Update H; (84)

Update S (85), Update s (86)
end for
Update Y546, (87, Update pig(s,,c¢) using (88)
fort:=1...m do

Update Xy, r.¢) (89), Update fig¢,r.e) (90)
end for
Update Yworking < /2 = 2y*(Cig(s.1)A(E)
fort=1...1do

Update X,y (67)

Update pyw,) (68)
end for
for j=1...J do

Update Zq(Vj) (67)

Update g,y (68)
end for
Update 72 (71)
Update p? (72)
Yworking < Y
Update &2 (93)
forr=1,...,¢% do

Update By,ry (94), Update fiy(1/4r) (95)
end for
Update Bysry (96)
Update Myxry-1 (97)
for /=1...L do

Update pg(1/a,,) (98), Update pq(1/02,) (99)
end for

34: until convergence in p(y;q)

A.6 Algorithm 5: Gaussian Tensor Factorization

Algorithms 3 covers the case of two types of interactive latent factors. This addresses
the case when the data can be arranged into a matrix and adds a matrix factorization to
the linear predictor. When more than two types of interactive latent factors are present
the data can be arranged into a tensor and a tensor decomposition can be added to the
linear predictor(Kolda and Bader, 2009). The multilinear form presented in this article
corresponds to a type of tensor decomposition called the CANDECOMP /PARAFAC (CP)
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tensor factorization (Kolda and Bader, 2009; Hoff, 2011a; Zhao, Zhang and Cichocki,
2014).

A.6.1 Notation

Because this model allows for tensors with an arbitrary number of modes it will be useful to
change notation. Denote the tensor containing the outcome variable as ). The interactive
latent factors will form a tensor of equivalent dimensions which collects their contribution
to the linear predictor. Denote this latent tensor . For each mode of the tensor indexed
by m € 1... M there exists a factor matrix U™ € R"»*K) where n,, is the dimension of
the m-th mode and K is the dimensionality of the latent factor. A column in this matrix
is denoted ulgm). The latent tensor U can be formed by taking the sum over the kroeneker
product of the modes such that

K
U=> ue.. ou (102)
k=1

In general we will work with the collection of matrix representations but it will often be
simpler to index terms form the latent tensor.

Observed covariates in the form of X, Z and C' are left as capital letters with the
understanding that when multiply indexed they still return a vector as in the standard
regression case.

A.6.2 Model

Using the new notation we can state the model as

Yigroow ~ Normal(X; 5 8+ Zij. .0y +Uij..r,07) (103)

ul™ ind. Normal(0, 77, ;) (104)

3 ~ Normal(0, o51p) (105)

v ~ Normal(0, ©%) (106)

SEak, . ,aqRR ~ Inverse-Wishart (v + ¢" — 1, 2vdiag(1/af, ..., l/aqRR) (107)
all ... aqRR ind. Inverse-Gamma(.5, 1/A%,) (108)

o? ~ Inverse-Gamma(.5, 1/a,) (109)

ac. ~ Inverse-Gamma(.4, 1/ A?) (110)

where I emphasize that the model in Equation 104 uses a shared variance for a given
mode and factor dimension thus making it an analogous to the matrix case. 72 is now a
matrix which collects these variances for each mode (along the rows) and each dimension
of the latent factor (along the columns).

A.6.3 Variational Approximation

Again we factorize the density over the modes and the

q (B, U ...UM = q(B) Hq(U<1>) L q(U™)) (111)
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with induced factorization further factorizing the posterior over the rows of the factor
matrices (Zhao, Zhang and Cichocki, 2014). Due to the conjugacy in the model these
rows are again multivariate Gaussian distributions.

A.6.4 Optimal Densities

In algorithms 3 and 4 the latent factors for mode 1 were updated by a Bayesian linear
regression using the mode 2 factors as covariates. Because of the expectations of the
quadratic terms these forms also include the covariance of the variational posterior over
the mode 2 factors. Thus to rewrite Equations 67 and 68 in the current notation. To do
so we denote ugm) to be the i’th row of the factor matrix U™

-1

g, 0 ... 0 S N T

0 1/7¢, "2 H(qU®@)); “q(UfQ))'uq(U@)
ZCI(Ui(l)) “ : : .. : + Z o2 (112)

. . . . i=1 €

0 N VA

(yn - xnﬁ)ﬂ ()
My & S > p= (113)
neQ) €

Notice the numerator in Equation 112 contains the terms related to the second mode of the
tensor. In the general M-mode tensor case this simply becomes an elementwise product.

Denote the elementwise product of a collection of matrices as ® where m denotes the
(m)
index we are taking the elementwise product over.

-1

1/7¢ 0O ... 0 .
01’1 1/7_122 e e n2 (S,L)) (E(Q(U<m>))i _'_ uq(U}m))Mq(Ui(m>)>
Eq(Uim) < . : 7 . : t Z o2
- : ) : i=1 €
0 1/7'12,k;
(114)
(?Jn %5)# @)
qU; )
e = 115
) o Zs:z Mig(o?) (115)

As with the matrix factorization model the noise parameter requires some care. Define
Ccp as before and introduce the more general form (, as

2 T
Q= VI =20 + o (Sawomy. + “q(Uf’”Wq(U}’"))) (116)

1€Q

This leads to the update

Byo2) < Qu — 2 <Z(yz - Ui)@ﬁ) + GBI + (B (117)

1€Q2
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A.6.5 Algorithm 5

With these updates in hand we can present algorithm 5.

32:
33: until convergence in p(y; q)

s+ 0
Yworking < Vo — Un
fort=1...m do
Update G; (14), Update H; (15)
Update S (16), Update s (17)
end for
Update ¥y,c) (18, Update (43,0 using (19)
fort=1...m do
Update Xy, r) (20), Update fiy¢,ry (21)
end for
Update Yworking yﬂ - CQB
form=1...M do
fort=1...N,, do
Update Zq
Update Howim) (
Update 77, (71)
end for
end for
Yworking <y
Update By,2) (117)
Update f1q(1/52) (23)
Update Hqg(1/ae) (24)
forr=1,...,¢" do
Update By,ry (25), Update fi4(1/4r) (26)
end for
Update Bq(ZR) (27)
Update Mq(ZR)fl (28)
for /=1...L do
Update fi4(1/a,,) (29), Update 140152,y (30)
end for

(114)
115)

™)

=

A.6.6 Initialization

While Nakajima and Sugiyama (2011) provides a direct connection between matrix fac-
torizations and variational bayes there is no such clean theoretical result for the tensor
case. Indeed while matrix factorizations are often easy to compute by the singular value
decomposition, low-rank tensor decompositions need not even exist and commonly used
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algorithms for finding them often do not have convergence guarantees (Kolda and Bader,
2009). This is an active area of research that I don’t delve into extensively here (but see
Hoff (2011a); Anandkumar, Ge and Janzamin (2014); Suzuki (2014)).

In order to initialize the model I perform the Nakajima et al. (2012) estimator on
the matricization of each mode of the tensor. Matricization involves unfolding the tensor
to create a matrix in which the rows represent one mode of the tensor and the columns
represent all other modes (Kolda and Bader, 2009). The spectral estimator can be applied
to each matricization and the latent factors for the preserved dimension are then used as
initializations for the tensor factorization algorithm. This works well in practice although
further study is needed.

A.6.7 Computation

Care must be taken to avoid memory issues with tensor latent variables. Often the tensors
are very sparsely observed and thus the complete tensor should not be explicitly formed
when at all possible.

A.7 Algorithm 6: Logistic Regression Tensor Factorization

Algorithm 6 provides the tensor variant of Algorithm 4. It provides no unique challenges
beyond those in moving from Algorithm 3 to Algorithm 5.

A.7.1 Model
We work with the model

Y ~ Bernoulli(c(n)) (118)
n=XB8+2Zy+U (119)

uggm) ind. Normal(0, 7., ;) (120)

3 ~ Normal(0, 051p) (121)

v ~ Normal(0, ) (122)

SEaf, ... ,afR ~ Inverse-Wishart (v + ¢™ — 1, 2vdiag(1/af, . . ., 1/afR) (123)
(124)

alt ... aqRR ind. Inverse-Gamma(.5,1/A%,)

A.7.2 Optimal Densities
Again we denote the elementwise product of a collection of matrices as ® where m

(m)
denotes the index we are taking the elementwise product over. Then the updates for the
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latent factor matrices are

1/7¢ 0 0
0" 12, ) <E<q< i Moy H (Uf”””>>>
Eq(Ui(U) < . : + Zl )\(f)
0 /72, .
(125)
()
e (5 (255 .

neQ)

where y is replaced with Yworking-

I've omitted the “working” subscript here to avoid

confusion with the observation index.
The update for the the variational parameter £ becomes

€2 < diagonal E[(CB + U)(CB +U)T] (127)

A.7.3 Algorithm 6

With the above updates we can specify the algorithm as

s+ 0

1
2
3
4:
5: fori=1...mdo
6
7
8
9

12: end for

14: form=1...M do

22: Update £ (127)
23: forr=1,...,¢% do

Update yworking — y/2 - 2y21/{)\(§)

Update G; (83), Update H; (84)
Update S (85), Update s (86)

end for
: Update Y546, (87, Update piy(s,,c¢) using (88)
10: fori:=1...mdo
11: Update Xy, r¢) (89), Update fiy¢,r.e) (90)

13: Update Yworking < ¥/2 — 2y*(CB)A(E)

15: fori=1...N,, do

16: Update Eq(Uf’")) (125)
17: Update Moty (126)
18: Update 77, (71)

19: end for

20: end for

21: Yworking < Y
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24: Update By,ry (94), Update fiy(1/4r) (95)
25: end for

26: Update Bysry (96)

27: Update Mysry-1 (97)

28: for/=1...L do

29: Update t4(1/a,,) (98), Update Hg(1/02,) (99)
30: end for

31: until convergence in p(y;q)

A.7.4 Computational Notes

As with the Gaussian tensor factorization case the complete tensor may be very sparsely
observed. However in the binary case it may also be that instances of a y = 1 are very
rare. This will often occur with various types of longitudinal network structure. In this
setting substantial computational gains can be realized by using a case control likelihood
as suggested in (Raftery et al., 2012).
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B Alternative Approaches

In this appendix I briefly overview several approaches to modeling heterogeneity that are
not encompassed by the framework presented here. In each case I have highlighted the
contrast with the framework that I have provided in the main text.

Exponential Random Graph Models (ERGMS) ERGMs provide an alternative ap-
proach to modeling networks. Here we forego the conditional independence assumption
and instead model the entire graph as a single draw from a joint (Gibbs) distribution
(Cranmer and Desmarais, 2011). ERGMs are notoriously difficult to estimate and re-
quire careful specification of the sufficient statistics of the graph. They also only apply to
graphs with unweighted edges. However, in settings where the conditional independence
is untenable they are effectively the only option.

Survival Analysis Semiparametric approaches to survival analysis, such as the Cox
model are essentially single mode models with varying intercepts (where time is the mode)
(Box-Steffensmeier and Jones, 2004). The spline based method of Beck, Katz and Tucker
(1998) for analyzing binary duration data can be placed into the GMRF framework. see
also Jackman (1998) for relevant connections.

Binary Treatment Causal Inference Recent work on causal inference in time-series
and time-series cross sectional data addresses related problems in the potential outcomes
framework (Blackwell, 2013; Blackwell and Glynn, 2013; Xu, 2014). Additional work pro-
vides the infrastructure for causal inference under interference between units or with con-
tagion (Bowers, Fredrickson and Panagopoulos, 2013; Ogburn and VanderWeele, 2014).
Imai and Kim (2012) illuminate the connection between difference-in-differences design
and two-way weighted fixed effects estimators.

Mixture Models In the models described in this paper, the groups within a mode are
assumed to be observed. When even this information is unavailable mixture models can
be used to model the heterogeneity. Kyung, Gill and Casella (2010, 2011) use a Dirichlet
process random-effects model to allow varying intercepts over unknown groupings in the
data. Park (2012) provides a model for time-series cross-sectional data where which uses
a non-recurrent Hidden Markov Model for parameters. This treats time as a mode where
all members of a group are temporally contiguous but the breakpoints between groups
are estimated by the model. Imai and Tingley (2012) use a finite mixture of GLMs
model which allow each data point to be drawn from an a priori fixed number of possible
regression models. While presented in the context of theory testing, we can motivate the
same infrastructure as a way to model a single model with unknown group membership
with each group represented by one of the regressions. And extended to the infinite
mixture model is provided by the Dirichlet Process-GLM framework (Hannah, Blei and
Powell, 2011). Finally recent econometric work has focused on learning unknown group
membership in the interactive fixed effects framework (Ando and Bai, 2013).

Flexible Regressions A separate approach to modeling heterogeneity avoids explicit
models for the heterogeneity and simply uses an extremely flexible regression (Wahba,
1990; Gu, 2013). By allowing effects to be highly non-linear and context dependent we
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can side step the issue of explicitly producing models of the models. In the international
relations context this was Beck, King and Zeng (2000) argue for the use of neural networks
for estimating these types of functions. Hainmueller and Hazlett (2014) present a more
interpretable approach based on Kernel Regularized Least Squares. Both methods face
the challenge of interpreting the resulting models which is complicated by the non-linear
forms.

Nonparametric Estimation For the particular case of network data there has been in-
creasing interest in nonparametric approaches to estimation.’ Chatterjee (2012) provides
a consistent estimator based on a truncated singular value decomposition that applies to
a wide range of models including many of the two mode network models. Airoldi, Costa
and Chan (2013); Chan and Airoldi (2014); Yang, Han and Airoldi (2014) design a con-
sistent estimator that uses a histogram of stochastic block models. These approaches are
extremely new but they point to approaches to nonparametric estimation of particular
versions of the model. The statistical characterization of graphons also provides insights
to the extent to which the latent effects models are identifiable (Bickel and Chen, 2009;
Bickel, Chen and Levina, 2011).

1UThis literature makes use of the a statistical function called a graphon. Graphons are the limiting
objects that describe random network objects. Define a graph with N nodes which are each given a latent
variable u; ~Uniform(0, 1) for all ¢ € {1...N}. Two vertices are connected with probability w(u;,u;)
where the function w is the graphon. That is, it is a function which maps [0,1]? — [0, 1]. This describes
a wide class of models over exchangeable graphs (Lloyd et al., 2013; Orbanz and Roy, 2013). Interest is
in the circumstances in which we can non-parametrically estimate this function and the circumstances in
which we can prove consistency of the resulting estimator (Airoldi, Costa and Chan, 2013).
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C Two-Way Fixed Effects and Latent Factor Regres-
sion

The goal of this appendix is to illuminate the connection between the Latent Factor Re-
gression framework and two-way fixed effects. In doing so I also address the three related
questions: ‘where is the variation coming from?’, ‘what is the counterfactual?’ and ‘what’s
the analogous experiment?’ In order to connect to the literature on causal inference I focus
on settings where the effect of interest is a binary treatment with other covariates serv-
ing as continuous pre-treatment confounders. However, I emphasize that the framework
naturally extends to non-binary effects. I also only consider varying intercepts although
the framework naturally extends to varying coefficients.

C.1 Two-way Fixed Effects

For concreteness and without loss of generality, I consider the case of data organized in
a time-series cross-sectional format with ¢ € {1...7T'} years and ¢ € {1...C} countries.
The two-way fixed effects estimator considers a model of the form:

Yer = TeaB+ e+ +e (128)

where o and vy are vectors of country and time specific intercepts respectively, ., are the
covariates for unit ¢ at time ¢ and € is random Gaussian noise.

Arranging the outcome y into a C' by 7" matrix it is clear that the fixed effects o and
~ are estimated using the rows and columns of the matrix respectively. The unmeasured
confounding in the data is then controlled through the additive combination of the row and
column effect. What the two-way fixed effects setup implicitly assumes is that the effect
of country c is constant across all time periods and analogously the effect of time period
t is the same across all countries. We can give this an economic interpretation by saying
that there are global shocks to the system represented by 7, which affect all countries in
the same way, and different base levels of the outcome for each country measured by «..

C.2 Latent Factor Regressions

The analogous latent factor regression model is:

K

Yot = Tepf+ e+ + Z UekVik + € (129)
k

where .y is an element of factor matrix U having dimension C' x K (with V' analogously
defined). The rank of the approximation, K, can be estimated or fixed by the analyst.

The two-fixed effects estimator is a special case of the latent factor regression where
k = 0 and thus is directly nested within the framework proposed in the main paper. The
latent factor matrices U and V represent deviations from the additive form of the model
and thus under the interpretation above can be seen as capturing the degree to which
common shocks to the system elicit varying responses from countries.
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It is helpful to define a third model which serves as an illustrative limiting case which
I call the joint fixed effects model. This formulation can be given as,

Yot = TetfS + Per + € (130)

® is a matrix where each cell ¢., represents a fixed effect for that country-year combi-
nation. Clearly the model in Equation 130 is only identified if the data contain more
than one observation for each pair of indices. Whereas the two-way fixed effects estimator
of Equation 128 uses the entire row and entire column to estimate the intercepts for an
observation, the joint fixed effects estimator uses only the information within the cell.

The latent factor regression model provides an intermediate point between the two
fixed effects models. The degree of the tradeoff is controlled by the rank of the latent
factor model, K. When K = 0 the model recovers exactly the two-fixed effects model.
When K =min(C,T) the model recovers exactly the joint fixed effects model.!? The
solution (a7, u,v) for a fixed value K is the best rank K approximation to the joint
parameter matrix ®.13

Thus, even in cases where we have replications at the cell (e.g. country/year) level
the latent factor approach is an attractive alternative to the joint effects model because if
we believe there is any structure in the matrix of parameters ® (e.g. the effect for country
c at time ¢ has any information to offer us on the effect for country ¢ at time ¢ — 1) then
the latent factor regression framework provides us with a favorable bias-variance tradeoff.
This is because structure of the matrix allows the model to bring additional observations
beyond the replications at the cell level.'*

Having addressed the basic infrastructure, I now consider direct answers to a few
common questions.

C.3 Connections to Causal Inference

A natural question for any new method is ‘what is this doing?” That is, we want to be
able to articulate which treated units are being compared to which control units. This is
closely related to the question of what variation is being removed from the data by the
procedure. Before moving into the latent factor regression framework I briefly explain
what information is being removed in the two-way fixed effects framework as well as the
joint fixed effects.

Again it is helpful to arrange the data Y into a C' by 7" matrix. In two-way fixed
effects we are removing from each cell variation which is common to the row and variation
which is common to the column. The variation removed is a function of three averages:

12The proof of this follows immediately from the singular value decomposition which guarantees the
existence of the decomposition as well as the exact reconstruction of the full matrix (Eckart and Young,
1936).

13Tis is the best approximation in terms of the Frobenius norm of the matrix as again guaranteed by
appeal to the singular value decomposition. When estimating the rank using the ARD priors as used in
the paper this corresponds exactly to the best approximation of the joint parameter matrix under the
nuclear norm, a common convex relaxation of the rank selection problem (Fithian and Mazumder, 2013).

14The bias is determined by the degree to which ® cannot be captured by the low-rank structure and
the variance improvement comes as a result of using additional observations in estimating ¢.; as a. +
Ve + D1 Ue kVc k- Clearly for a non-random matrix ® the bias decreases in the rank of the approximation.
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the average of all observations in the same row (country), the average of all observations
in the same column (time) and the average of all remaining observations (Imai and Kim,
2012).1

In the joint fixed effects estimator we consider only a single cell of the matrix when
removing variation. Again if we observe only a single observation per country-time com-
bination this is unidentified, having a single free parameter for each observation. In cases
where we have replication at this level, such as in the ‘Dirty Pool” example (Green, Kim
and Yoon, 2001), we are simply subtracting off the mean of all observations within that
cell. They key difference here is that the two-way fixed effects estimator uses data from
every country and every time period in constructing each counterfactual, whereas the
joint estimator uses only the country and year for that cell.

In the latent factor regression, we consider the entire row and column of the matrix (as
in the two-fixed effects) but each observation is not weighted equally. Instead the model
implicitly assigns higher weight to countries (or years) which have trends in the dependent
variable which are similar to the country (year) of the cell. I make this comparison more
precise below by first considering which units are stochastically equivalent under the model
and then by giving an augmented data interpretation of the estimator.

C.3.1 Stochastic equivalence

An intuitive way to think of how the latent factor framework models dependence is by con-
sidering the components of the inner product term U and V as forming a K dimensional
vector space in which both countries and years are projected. Countries which have simi-
lar projections u, in the space are approximately stochastically equivalent and respond to
shocks in a similar fashion. This provides us with insight into where the variation comes
from. We are implicitly comparing a country-time unit with a country-time unit having
a similar projection into the K dimensional space. This produces a continuous weighting
over units in computing the counterfactuals in a potential outcomes framework. In the
matching framework, this continuous weighting can be seen as analogous to synthetic con-
trol methods which matches treated units to a reweighted collection of controls (Abadie,
Diamond and Hainmueller, 2010).

Note that the appeal here to the approximate stochastic equivalence of two units
sharing similar values of the continuous factors is in principle no different from approx-
imate stochastic equivalence of two units with similar pre-treatment covariates. That
is, when we control for a series of (non-categorical) observed covariates we are invoking
an assumption of approximate stochastic equivalence of two units with similar covariate
profiles.

A further advantage of the low-rank framework is that two countries can be similar
along one dimension but different along another. Put another way, there can be a type of
global shock for which two countries can have a similar response, but a different type of

5The third term is necessary to adjust for the fact that we are adjusting the data based on two margins
rather than one. The full form of the two-way fixed effects as an adjusted matching estimator is given
with proof as Proposition 4 of Imai and Kim (2012).

16The nature of this correspondence is developed in Xu (2014) with reference to the interactive fixed
effects formulation of (Bai, 2009).
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global shock for which their responses will be different. Mathematically this is represented
by u;, ~ u; for k = ¢ but not for k # .17 This provides a substantially more flexible
framework for modeling heterogeneous units than a model assuming units must be alike
on all dimensions.

C.3.2 Interpretations as OLS on augmented data

Part of the reason simple additive fixed effects are so easy to understand is that we can
give a representation of the model as a simpler procedure on an augmented dataset. The
“least squares dummy variable” method can be written by using OLS on a transformed
datasets formed by subtracting off the mean by group.

Using the results in Bai (2009), we can give a a similar interpretation for the latent
factor regression as OLS on augmented data. Here we consider the special case of latent
factor regression where the latent factors are given no priors which is simply the limiting
special case of uninformative priors.

Start by defining the projection matrices:

My = Ir = V'V/T (131)
My =1-U'U"/C (132)

then writing the model as:
Y =X+ +B,XP+UV +¢ (133)

where we have simply absorbed the additive fixed effects into the factor matrices.
Then the left multiplying by My, and right multiplying by My we get

MyY My = Bi(My X' My) + -+ 4 B,(My XPMy) + MyeMy (134)
This leads to the following least squares estimator under a given factor structure,
(Mo XYMy XY L My XYMy XP) T Tt My XY My Y]
p= : : : : (135)
tr[MyXP My X' ... tr[MyX? My X?] tr[My X? MyY]

Thus the projection matrices My and My play a role analogous to projection matrices in
least square dummy variables estimation.

Bai (2009) also gives an instrumental variables interpretation that holds in this setting
as well. Define

tr[My XY My X' ... tr[My XY My X?]
- : : (136)

C
Y 7.z =

The form of the estimator for beta is the IV estimator with Z as the instrument.

tr[ My X? My X' ... tr[MyX? My X?]

"For example, imagine a model rank K=2. Let us suppose that the two factors capture distinct
economic shocks such as a sharp increase in energy prices (k=1) and a new technological development
in a high tech sector (k=2). Two countries may respond similarly to changes in energy prices and thus
u;1 ~ uj;1 but respond very differently to technological developments u; 2 # u;2. More generally when
the number of factors is relatively high this flexibility of the model allows every country to be distinct
while sharing qualities that substantially overlap.
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C.4 Connections to Existing Work

Here I briefly connect this work to several existing articles in order to further illuminate
the features of the model.

C.4.1 Grouped Fixed Effects

One way to deal with the problem of not observing multiple observations for each cell in
our data matrix Y is to aggregate over the rows (countries) to create groups. We can
then consider group-time specific fixed effects. These groups could be determineda priori
or estimated as in Bonhomme and Manresa (2012). If the group membership is estimated
under fixed K then the problem becomes a latent class (or finite mixture) model.

The latent factor regression framework and the mixture model framework differ in
the parametric assumption on the latent variable. For the mixture model case the la-
tent variable is categorical whereas in the latent factor regression it is continuous. The
grouped fixed effects model has the distinct advantage that the latent variable is natu-
rally interpretable as a partition over units. However, assuming that the latent variable
is categorical is substantially less general than the latent factor framework as members
of the same group are assumed to be exactly stochastically equivalent. This is a stronger
assumption which is unnecessary under the latent factor regression model.

C.4.2 Correlated Error Models

One way to view the latent factor regression framework is as inducing a low rank decom-
position of the error structure. Writing the regression model in matrix notation:

y=XpB+e (137)
e ~ N(0,%) (138)

the standard regression model assumes that ¥ = o21. If instead we treat ¥ as unstructured
we essentially observe a single draw from a multivariate Gaussian. Unfortunately MLE
is known to perform poorly for covariance estimation in this setting (James and Stein,
1961).

Numerous proposals have been made for estimating Y under some particularly as-
sumptions, e.g. time-series models often assume that X! is tri-diagonal (West and Har-
rison, 1997). A particularly general case is given by spatial error models which assume
that the variance is rescaled by a known weights matrix, W. However the appropriate
form of W is often not known and reasonable choices can produce different results (Zhukov
and Stewart, 2013). The latent factor regression provides a quite general parametric form
for ¥.18

This interpretation of the model also makes clearer where the two way random effects
model will be insufficient. The two-way fixed effects model in Equation 128 is unable cor-
relation in the second moments of the data but not the third order moments. This notion
has the clearest expression in network data where properties of third order dependence
have been well characterized (Hoff, 2005; Wasserman and Faust, 1994). These intuitions
extend reasonably well to the spatial and cross-sectional case, where intuitively we can

8For more comparisons to various spatial models with Monte Carlo experiments see Pang (2014).
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think of third order dependence as capturing the consistency of the pairings A-B, B-C,
A-C where A, B, C are nodes in a networks or locations in a space.

This covariance structure can also be given a probabilistic interpretation akin to the
linear regressions product of univariate normals. Under a two-mode model the latent
factor regression provides a parameterization of a matrix normal distribution (Dawid,
1981; Hoff, 2005; Allen and Tibshirani, 2012). Under a general m-mode we obtain an
array normal distribution under separable covariance structure(Hoff, 20115). The key
assumption in these settings is a weak row-column exchangeability which is substantially
more general than the exchangeability assumption typically invoked (Hoff, 2005; Orbanz
and Roy, 2013).

C.5 Concluding Thoughts

In this appendix I've tried to illuminate what the latent factor regression framework is
doing for particular cases. I've primarily discussed the two mode framework but a key
advantage of the model is the ability to extend easily to an arbitrary number of modes.
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D Improving Accuracy of the Variational Framework

In this appendix I provide a brief summary of relevant results on accuracy of posterior
inference in the variational framework including approaches to improve accuracy.

The variational algorithms presented in the main text produce quite faithful approxi-
mations to the true posterior. The results are particularly strong in the case of the normal
likelihood (which is conjugate) and in the single mode case (where we do not have to make
strong factorization assumptions). Theoretical results in Ormerod and Wand (2012) and
previous empirical results reported in the literature support this observation (Wand, 2014;
Lee and Wand, 2014; Tan and Nott, 2013).

In the next two sections I step through three settings where accuracy can be improved
and sketch some methods for trading off computational time for improved quality of
approximation. None of the methods described below have been implemented in the
results reported above. I have included the discussion of these approaches here in order
to demonstrate that improvements to the quality of the approximation are possible within
the variational framework. However, in the main text I chose to maintain the simplest
version of the available methods that also produced accurate results.

D.1 Non-Gaussian Likelihoods

The posterior approximation used here for the logistic regression case uses the Jaakkola
and Jordan (2000) bound on the sigmoid function. This is a quadratic bound which is
tight but only at the value of the variational parameters &. Previous empirical studies
suggest that the bound produces a small bias towards zero in the random effects which
disappears as the cluster size grows (Ormerod and Wand, 2012; Tan and Nott, 2013; Scott
and Sun, 2013). This accords with the findings in the simulations i ran for this paper.

Numerous alternative strategies have been proposed but here I highlight two in par-
ticular: the Non-conjugate Variational Message Passing scheme of Knowles and Minka
(2011), and piecewise bounds (Marlin, Khan and Murphy, 2011).

Knowles and Minka (2011) generalize the variational message passing scheme (Bishop,
2006) to handle non-conjugate factors by approximating them using an approximating
distribution in the same family as the prior. For the case of a multivariate Gaussian
approximation Wand (2014) provides a simplified update structure which enables efficient
computation. These updates were used in Tan and Nott (2013) to derive variational
algorithms for GLMMs which show excellent results.

For the logistic regression case, this scheme involves the calculation of an analyti-
cally intractable expectation. However, Ormerod and Wand (2012) show that it can be
reduced to a uni-dimensional problem and evaluated accurately using Adaptive Gauss-
Hermite quadrature. This results in a slightly slower algorithm but yields more faithful
representations of the posterior.

For the case of count models the required expectation can be evaluated in closed form
resulting in little tradeoff in speed (Luts and Wand, 2013; Wand, 2014).

An alternative strategy is similar to the bounding approach of Jaakkola and Jordan
(2000). Rather than using a quadratic bound that is tight only at a single point, Marlin,
Khan and Murphy (2011) advocate the use of piecewise bounds. By increasing the number
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of pieces, the bound on the nonconjugate term can be made arbitrarily tight resulting in
more accurate inference. This has the advantage of allowing variational inference to take
on a bit of the quality of MCMC where a continuous increase in computational cost results
in a continuous increase in accuracy. Experimental evaluations are given in (Khan et al.,
2010).

A particularly compelling application of the bounding approach is the extension to the
multinomial outcome case. The Jaakkola and Jordan (2000) does not extend to this setting
nor does the use of quadrature. Khan et al. (2012) develop a stick breaking likelihood
suitable for a categorical outcome for which efficient bounds could be constructed. This
would allow for the implementation of an approximate analogue of a multinomial logistic
regression that admits a tight bound.

D.2 Factorization

The key assumption in variational inference is the product density factorization of the
joint posterior. Stronger factorizations make the model more tractable but also less ac-
curate. In the single mode case the key assumed factorization is between the regression
coefficients and their variance parameters. In the case of unordered groups this assump-
tion is relatively mild but for Gaussian Markov Random Fields it is somewhat stronger.

Luckily we can always make our approximations arbitrarily more accurate by us-
ing conditional approximations. Whereas standard variational bayes might approxi-
mate q(z,0|y) = q(z]y)q(fly) for a latent field x and hyperparameters 6 we instead do
q(z,0)y) = q(z|y,0)q(f]y) this is tractable for hyperparameters of low dimension like the
variances in a hierarchical model. This is the essential insight of Rue, Martino and Chopin
(2009) and is formalized in the VB context by Han, Liao and Carin (2013). It is also raised
Salimans and Knowles (2013) who describe it as a hierarchical approximation.

A milder form of this strategy is considered by Tan and Nott (2013) in their use
of partial non-centering of GLMMs. Here the partial non-centering parameters give the
model extra flexibility to handle the assumed factorization.

An open question is whether there is a straightforward equivalent of this to the
multilinear case. If there were it would be tremendously useful across a wide variety
of models but it seems unlikely as there is no single low-dimensional parameter to be
conditioned on. A reasonable strategy might be to instead us a mixture of distributions
to capture the joint approximation. A setting using a mixture of multivariate normals
is considered by Gershman, Hoffman and Blei (2012). By combining this nonparametric
approach with the gridding strategies in Rue, Martino and Chopin (2009) it may be
possible to construct a tighter approximation to the factorized terms.
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E Simulation

In this section I provide the necessary details to replicate the simulation results.

E.1 Single Mode Setting

In the first simulation of the single mode setting, I demonstrate the ability of the vari-
ational algorithm to recover parameters in hierarchical linear regression model with a
Gaussian outcome. After reporting details for the Gaussian outcome I describe estima-
tion for the hierarchical logistic regression model.

Gaussian Hierarchical Regression I use the data generating process from the help
file of MCMChregress in MCMCpack version 1.3-3 (Martin, Quinn and Park, 2011). Simu-
lations were run in R version 3.1.1 on a 3.2Ghz quadcore processor with 7GB RAM. The
code including the model estimation is given below.

nobs <- 1000
nspecies <- 20
species <- c(l:nspecies,sample(c(1l:nspecies), (nobs-nspecies),replace=TRUE))

# Covariates

X1 <- runif(n=nobs,min=0,max=10)
X2 <- runif(n=nobs,min=0,max=10)
X <- cbind(rep(1,nobs),X1,X2)

W <-X

# Target parameters

# beta

beta.target <- matrix(c(0.1,0.3,0.2),ncol=1)
# Vb

Vb.target <- ¢(0.5,0.2,0.1)

# b

b.target <- cbind(rnorm(nspecies,mean=0,sd=sqrt(Vb.target[1])),
rnorm(nspecies,mean=0,sd=sqrt(Vb.target[2])),
rnorm(nspecies,mean=0,sd=sqrt(Vb.target[3])))

# sigma?2

sigma2.target <- 0.02

# Response
Y <- vector()
for (n in 1:nobs) {
Y[n] <- rnorm(n=1,
mean=X [n,]%*%beta.target+W[n,]%*%b.target [species[n],],
sd=sqrt(sigma2.target))
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# Data-set
Data <- as.data.frame(cbind(Y,X1,X2,species))

model <- MCMChregress(fixed=Y~X1+X2, random="X1+X2, group="species",
data=Data, burnin=1000, mcmc=10000, thin=10,verbose=1,
seed=NA, beta.start=0, sigma2.start=1,
Vb.start=1, mubeta=0, Vbeta=1.0E6,
r=3, R=diag(c(1,0.1,0.1)), nu=0.001, delta=0.001)

The results for the Gaussian case are given in the main text.

Logistic Regression Here I present results for a hierarchical logistic regression which
parallels the Gaussian outcome model. Again I use the data generating process given in
MCMCpack with the exception that I extend the burnin and number of posterior samples
to match the normal regression case. The full code is:

# Constants
nobs <- 1000
nspecies <- 20

simresults <- vector(mode="list", length=100)
for(s in 1:100) {
# Covariates
species <- c(l:nspecies,sample(c(1l:nspecies), (nobs-nspecies),replace=TRUE))
X1 <- runif(n=nobs,min=-10,max=10)
X2 <- runif(n=nobs,min=-10,max=10)
X <- cbind(rep(1,nobs),X1,X2)
W<-X

# Target parameters

# beta

beta.target <- matrix(c(0.3,0.2,0.1),ncol=1)
# Vb

Vb.target <- c(0.5,0.05,0.05)

# b

b.target <- cbind(rnorm(nspecies,mean=0,sd=sqrt(Vb.target[1])),
rnorm(nspecies,mean=0,sd=sqrt(Vb.target[2])),
rnorm(nspecies,mean=0,sd=sqrt(Vb.target[3])))

# Response

theta <- vector()

Y <- vector()

for (n in 1:nobs) {
thetal[n] <- inv.logit(X[n,]%*%beta.target+W[n,]%*%b.target[species[n],])
Y[n] <- rbinom(n=1,size=1,prob=thetaln])
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# Data-set
Data <- as.data.frame(cbind(Y,theta,X1,X2,species))
plot(Data$X1l,Data$theta)

#== Call to MCMChlogit

model <- MCMChlogit(fixed=Y"X1+X2, random="X1+X2, group="species",
data=Data, burnin=1000, mcmc=10000, thin=10,verbose=1,
seed=NA, beta.start=0, sigma2.start=1,
Vb.start=1, mubeta=0, Vbeta=1.0E6,
r=3, R=diag(c(1,0.1,0.1)), nu=0.001, delta=0.001, Fix0D=1)

Run times are slightly more variable for the logistic regression case and are plotted in
Figure 1. MCMC runs for 41 seconds on average with variational running for 2 seconds.

Run Times for Logistic Regression
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Figure 1: Distribution of run times for 100 simulations of the single mode logistic regres-
sion case.
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E.2 Two Mode Setting

In this simulation I demonstrate the ability of the variational algorithm to recover sim-
ulated parameters in the Gaussian outcome case with two modes and interactive latent
factors. In order to match the simulation to the FDI application, I use the observed
covariates from Biithe and Milner (2008). Each simulation then follows the following
procedure where nc is the number of countries in cindex and nt is the number of time
periods in tindex

k <- rpois(1l,lambda=3) + 1

factorl <- matrix(rnorm(k*nc), nrow=nc,ncol=k)

factor2 <- matrix(rnorm(k#*nt), nrow=nt,ncol=k)

uv <-rowSums(factorl[cindex, ,drop=FALSE]*
factor2[tindex, ,drop=FALSE])

cint <- rnorm(nc)

tint <- rnorm(nt)

beta <- matrix(rnorm(9) ,ncol=1)

y <= c(X%*%beta) + cint[cindex] + tint[tindex] +
uv + rnorm(length(y))

y <= c(y)

All parameters are simulated from Normal(0, 1).

E.3 Model Misspecification

Here I provide some additional results for the models presented where covariates in the
true data generating process are omitted from the estimated models. In the paper I gave
two extreme examples: no covariates omitted and all but one covariate omitted. Here
I provide the cases between. In each case a random selection of covariates was dropped
whereas in the two extreme examples the observed covariates are the same across all
simulations.

Recall that I compare four alternative estimation strategies in addition to the latent
factor regressions:

1. One-Way Fixed Effects
“country” level intercepts which are the largest source of variation in the model.

2. Two-Way Fixed Effects
“time” and “country” intercepts. This is the additive two-mode model.

3. Global Linear Detrending with One-Way Fixed Effects
“country” intercepts and a linear time trend shared by countries

4. Country-Specific Quadratic Detrending
“country” specific quadratic time trends
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Figure 2: Reprinted from the main paper, here the estimating models use all of the
covariates in the true DGP. 25 simulations from a two-mode model with full observed
covariates. Each of the five estimation strategies is shown with 95% confidence/credible
intervals. The red dashed line indicated the true effect to be recovered.
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Figure 3: One random covariate is dropped in each simulation.
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Figure 4: Two random covariates are dropped in each simulation.
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Figure 5: Three random covariates are dropped in each simulation.
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Figure 6: Four random covariates are dropped in each simulation.
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Figure 7: Five random covariates are dropped in each simulation.
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Figure 8: Six random covariates are dropped in each simulation.
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Figure 9: Seven random covariates are dropped in each simulation. This is all but the
theoretical variable of interest.
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F Additional Application Details

This appendix collects additional details on the applications.

F.1 Understanding the Detrending Strategies for FDI

Before proposing a third model for the FDI data it is helpful to understand the differ-
ences in the detrending strategies proposed by both sets of authors. Figure 10 shows the
detrending patterns for GATT/WTO membership (the main independent variable) and
FDI inflows (the outcome). The first two columns on the top left show the linear and
quadratic detrending strategies on the GATT/WTO membership. What this plot makes
clear is that both strategies have the effect of creating overlap in the member and non-
member distributions such that a non-member country can have a higher value than a
member country of the membership variable. It also shows that the quadratic detrending
draws many more of the observations directly to zero including many observations where
there is membership. The effects of detrending on GATT/WTO membership are par-
ticularly severe because the covariate of interest is temporally persistent (once attaining
membership countries are not leaving). The differences in the FDI trends, which were the
main justification for the quadratic detrending, show more minor differences. However it
is clear that the distribution is flattened out a bit more under the quadratic detrending.
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Figure 10: A comparison of detrending strategies. From left to right we show the global
linear detrending (Biithe and Milner, 2008) with original, the country-specific quadratic
detrending (King and Roberts, 2014) with original and a comparison of the two detrending
strategies. The first row shows the GATT/WTO membership variable and the second row
shows the outcome. All observations are color coded by their membership status. Note
that in the second row we have zoomed in on the main portion of the data but there are
large outliers outside the range of the plot.
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