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ABSTRACT Accurately representing periodic behavior is a frequently encountered challenge in modeling
time series. This is especially true for observations where multiple, nested seasonalities are present, which
is often encountered in data that pertain to collective human activity. In this work, we propose a new
method that models seasonality through the multilinear representations that characterize low-rank tensor
decompositions. We show that the tensor formalism accurately describes multiple nested periodic patterns,
and well-known tensor decompositions can be used to parametrize cyclical patterns, leading to superior
generalization and parameter efficiency. Furthermore, we develop a Bayesian variant of our approach which
facilitates extraction of these seasonal patterns in an interpretable fashion from large-scale datasets, providing
insight into the underlying dynamics that create such emergent behavior. We lastly test our method in missing
data imputation, where the results show that our method couples interpretability with accuracy in time series
analysis.

INDEX TERMS Time series analysis, nonnegative tensor factorization, seasonality, tensor decomposition,

Bayesian model selection.

I. INTRODUCTION

Dealing with seasonality, or periodic behavior, is a com-
mon and challenging task in time series analysis [1],
[2] [3, Ch. 6]. This becomes even more challenging in con-
texts where multiple, nested seasonality patterns are present.
Given the rhythms that determine human behavior, this is
all too common in datasets that record aspects of collective
human activity. For example, electricity demand in a city
or total foot traffic in a university campus would involve
multiple seasonal patterns, ranging from hourly to yearly
cycles. In this work, we investigate a simple yet effective way
of modeling seasonality in time series with arbitrarily many
hierarchical seasonal components. Namely, we propose low-
rank hierarchical seasonality (LRHS) that prescribes casting
the problem as tensor decomposition, which allows us to
utilize the mature arsenal for such methods to be used directly
for this task. Moreover, to facilitate efficient extraction of
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interpretable seasonal patterns, we introduce a Bayesian ver-
sion of our method (BLRHS), that not only helps make sense
of very large data sets by distilling useful multi-seasonal
patterns, but also demonstrates high accuracy in missing
data imputation tasks. Our work complements and improves
upon previous work that utilizes matrix/tensor decomposi-
tions in time series research. As a preview of our results,
Figure 1 illustrates an analysis on New York City Yellow Taxi
dataset, where by examining our model’s latent factors we
discover how complex weekly travel patterns change with the
start of the Covid-19 pandemic.

Let y; € R represent a uniformly sampled univariate time
series indexed by r € N, such thaty = (Yz),T:1~ Borrowing the
notation of the classical time series decomposition [4, Ch. 6],
one can model y; via the additive decomposition

ye =4 + s + &,

or a multiplicative decomposition y; = ¥£; - s; - &; where
{; is a trend-cycle component, s; is the seasonal compo-
nent, and ¢; are residual terms. The seasonal component s;
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FIGURE 1. Changing dynamics of New York City Yellow Taxi rides through the start of Covid-19. See Section V-B for more details. Figure a: Analysis of
the latent factors clearly show the transition around 11th week of 2020, just as pandemic measures came into place. The weeks before and after 11th
week load onto different latent factors according to our model. Figure b: Pre-Covid and Covid travel patterns as implied by our model’s latent factors
(lighter color implies busier). With the pandemic measures, travel patterns are strongly restricted to daytime activities, most dramatically observed
through the disappearance of late night, entertainment-related travel on weekends.

is modeled via a repeating fixed-length pattern, m € R, In this work, we extend such multiple seasonal patterns in
where P € N is the period of the data known a priori. two directions. First, we introduce N-many nested period-
One then sets s; = m; mod p, Where mod denotes the modulo icities Py, Py, ..., Py. Second, we assume that an array of
operator. Estimation of the classical decomposition is simple. individual multiseasonal patterns can be combined, e.g.,
In the additive case, this would involve first detrending the a.r @
data via ¢,, the suitably chosen moving average, and then St = ZS, ) ey
taking seasonal deviations m;, i € {l,---,P} as simple r
averages of deviations for season i. Within this general frame- where s, 57 are defined analogously to above and
work, STL and Holt-Winters methods can be thought of as r indexes a set of distinct seasonal patterns.
variations where the trend-cycle and seasonal component We demonstrate that such multilinear combinations of sea-
estimates take different parametric forms and are updated sonal patterns yield flexible and accurate representations of
through time. We refer the reader to [4] for a review of these many cyclical patterns that occur in real-world data. More-
methods. over, we demonstrate that components s can be recov-
Our focus here will be on the dimensionality of the sea- ered easily by casting estimation as an instance of low-rank
sonal component m. In many common modeling tasks, the tensor decomposition. The data representation implied by
time series or signal contains multiple nested periodic pat- our approach can be seen in Figure 2. Through various
terns. For example, in data sampled at minutely frequency, experiments, we show that our method accurately and effi-
there could be hourly, daily, and weekly periodic behav- ciently captures hierarchical seasonality in time series. Before
ior all at once. Representing such seasonal patterns with  moving on to describing related literature and our method,
methods above requires dimensionality of m = [mi]f: | we summarize our contributions:

to be 60 x 24 x 7 = 10080. To tackle this problem of
very long seasonal patterns with nested structure, so-called ity through low-rank multilinear decompositions, called
multiple-seasonal heuristics have been proposed [5]. For ’

. ; . low-rank hierarchical seasonality (LRHS).
example, given a short period of Py and a longer period Th . .
k ) ( ) o Through experiments on various datasets we show that
P1 x Py, one could write s, = s, s,

2) . _
defining 5,7 = our approach is both accurate and parameter-efficient

« We propose a novel method for representing seasonal-

mflrfmd p, and s§2) = m(ﬁ;Pl | mod p, Where m" e R” and compared to other canonical methods.

m?® e RP2. Concretely, if we are interested in hourly « We propose a Bayesian variant of our method (BLRHS),
sampled data with both daily and weekly patterns, our nota- allowing interpretable and scaleable knowledge extrac-
tion suggests setting Py = 24 and P, = 7. By view- tion from multivariate datasets, uniquely combining
ing seasonality as the multiplication of an hour-of-day and probabilistic inference with nonnegative factorization in
day-of-week patterns, this model assumption conveniently the analysis of complex seasonality.

reduces the dimensionality of seasonality parameters m from « We show that our method efficiently extracts useful
24 x 7to24 4 17. representations from large-scale time series data, e.g.
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FIGURE 2. Folding time series into a tensor. In (a), the time series is represented as a single vector. In (b), each hour of day is presented in a new mode.
In (c), each week is a slice as days of the week are folded into the third mode. Extension to lower or higher seasonality components is straightforward,

and explored in our numerical experiments.

12 years of hourly ridership history of a prominent rail
network, with over 1 billion trips spread among 2500 dif-
ferent routes.

« We show that our method does not sacrifice performance
to achieve interpretability, and demonstrate that BLRHS
is highly accurate in multivariate missing data imputa-
tion tasks.

Il. RELATED WORK

Matrix/tensor based analysis of time series has been attracting
considerable interest from various fields. The scope of such
research ranges from theoretical and algorithmic develop-
ments [6], [7] to numerous applications, the latter including
energy management and load monitoring [8], [9], intelligent
traffic systems [12], [13], mobility and urban planning [14],
logistics [15], and structural monitoring [16]. These work
often represent time as one of the modes of a multiway data
representation. For example, Dunlavy et al. [17] factorize a
three-way tensor where one of the modes is time, and use
Holt-Winters method on the temporal factor matrix to extrap-
olate to new time points. Similarly, de Araujo et al. [18] apply
exponential smoothing to the temporal factor for forecast-
ing, within a coupled factorization framework. A Bayesian
approach to the same problem is studied by Xiong et al. [19].
Matsubara et al. [20] apply a multi-scale type autoregressive
model for extrapolating the temporal dimension.

In aline of work that pertains to epidemiology applications,
Matsubara et al. [21] introduce FUNNEL, a model for coe-
volving epidemics inspired by the well-known SIR model.
FUNNEL incorporates diseases, different locations, and time
into a data tensor while accounting for seasonal patterns by
including a sinusoidal seasonal component. Rogers et al. [22]
propose a multilinear extension of the well known linear
dynamical system. Yu et al. [23] propose a matrix factoriza-
tion approach where the autoregressive time series model
likelihood appears as a regularization term. An extension
of this idea into the spatio-temporal domain is proposed
by Takeuchi et al. [24], and Sun and Chen [25] provide
a Bayesian version of the same approach. More recently,
Kawabata et al. [26] propose an online inference scheme for
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multivariate data where the model can detect the appearance
of a new seasonality regime.

Methods surveyed above use the tensor factorization for-
malism with only one mode of the tensor of interest rep-
resenting time, reserving other modes for different entities
(e.g., users, items, locations, etc.) An idea that follows imme-
diately is to let one of the modes represent seasonal behavior,
i.e., to “fold” the time series into a 2-way array, as in
Figure 2b. In a more general tensor factorization framework,
this means that each latent dimension has a representation in
the entity domains, as well as a certain seasonal pattern. This
idea appears early in the beginning of time series analysis
with factorizations, e.g. in an atmospheric science application
by Xie et al. [27]. Takahashi et al. [28]. apply this idea to var-
ious time series, with a specific focus on folding periods—or
cyclic(al) folding in their terms which we reuse here. Cyclical
folding also appears in Matsubara et al. [29], [30], which are
models of competing entities inspired by population model-
ing. Chen and Sun [31] augment the work of [23] by adding
another temporal dimension of seasonality for forecasting,
and Chen and Lei [32] extend this approach to missing data
imputation.

Though less common, some studies extend the cyclical
folding idea to higher temporal dimensions, modeling two
seasonalities simultaneously. Notably, Tan et al. [33] uses a
sliding temporal tensor construction to impute future values
for multivariate time series, and Chen and He [34] compare
the performance of having cyclical folding to obtain zero,
one, or two seasonality dimensions while utilizing a CP
(CANDECOMP/PARAFAC) decomposition for missing data
imputation. Given [34] provides the only quasi-systematic
exploration of multiple cyclical folding, we compare our
method to theirs, as well as some other baselines in
Section V-D to provide an informative test of our approach.

Also less common is the use of nonnegative matrix/
tensor factorization to model time series data, and
especially with consideration of hierarchical seasonality.
Espin-Noboa et al. [14] apply nonnegative tensor factoriza-
tion to decompose the NYC taxi dataset into coherent patterns
to test hypotheses about urban mobility. Wang et al. [35]
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apply nonnegative matrix factorization techniques for the
analysis of traffic patterns, and Figueiredo et al. [8] provide
an analysis of power consumption through nonnegative ten-
sor decompositions by including two temporal dimensions,
however neither studies exploit hierarchical patterns in sea-
sonality. The relative neglect of nonnegative methods is
especially important from a knowledge discovery point of
view. This is because nonnegative decompositions are known
to lead to interpretable, “‘by-parts’ representations [36], [37],
which could help extract the simpler multi-seasonal compo-
nents that produce the emergent complex behavior of such
time series. To our knowledge, the Bayesian variant of our
approach is the first application of probabilistic nonnegative
tensor decomposition to the analysis of complex seasonality.

Our method is based on the hypothesis that low-rank mul-
tilinear representations can accurately and efficiently capture
nested, complex seasonalities. It directly targets to exploit the
low-rank decomposability of such intricate patterns, improv-
ing on the sporadic use of cyclical folding as a data represen-
tation heuristic for specific multivariate time series problems
in the literature. Our proposal’s generality allows us to apply
and test this idea with different decomposition methods (CP
vs. Tucker), in various tasks (prediction, imputation, knowl-
edge extraction), in different experimental settings (univariate
vs. multivariate), with arbitrary number of seasonal hierar-
chies (e.g. hourly, daily, weekly, yearly), and with previously
unexplored model capabilities (likelihood-based model selec-
tion). As models and data get larger in modern machine learn-
ing, the need for such parsimonious representations increase.
As such, our results not only contribute to tensor-based time
series analysis, but also offers valuable insight for classical
and deep learning based approaches, given the transferability
of this inductive bias.

lIll. PRELIMINARIES

In the following, we use lowercase italics for scalars (a, y),
uppercase italics for integers (/, J), lowercase bold letters for
vectors (a, b), uppercase bold letters for matrices (A, B), and
uppercase cursive letters for tensors of higher order (X, A).
a; refers to the i’th element of a vector a, and B; ; refers to
the 7, j’th element of a matrix B. For convenience, we refer
to the elements of tensors using parantheses notation, such
that the element of X with the index i,j, k is denoted
with X (i, j, k). For any positive integer L, we let [L] :=
{1,...,L}. Weuse i) := (i1, ..., i) to denote an L-tuple
of indices, which we can use to refer to tensor elements,
as in X(i[L]).

A. TENSOR DECOMPOSITIONS

Tensors are N-way arrays, where 1-way and 2-way ten-
sors are commonly known as vectors and matrices respec-
tively [38]. Tensor decompositions are approximations of
tensors as multilinear functions of factor matrices or tensors.
For the purposes of this text, we use tensor decomposition
and factorization interchangeably. A frequently used ten-
sor decomposition is the CP decomposition, also known as
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CANDECOMP/PARAFAC or canonical polyadic [39], [40].
In CP, the original N-way tensor is expressed as the sum of
a finite number of rank-one N-way tensors, where a rank-
one N-way tensor is the outer product of N vectors. The CP
decomposition of a 3-way tensor would be:

R
X%P/(\:zarob,ocr,
r=1

where X,)? e RIXXK q. e R b, € R, ¢, € RX for
r € {1,...,R}, and o denotes outer product. Then, factor
matrices A, B, and C refer to the matrices constituted by
collecting these vectors as columns of separate matrices, as in
A € RIXR — [a;, ... ag]. It is also common to assume
factor matrices to have unit columns and to have an additional
weight vector w € RR, such that X =~ X = 2521 Wy
(a, ob,oc;).

Another frequently used decomposition is the Tucker
decomposition [41], [42]. Tucker decomposition approxi-
mates the target N-way tensor with an N-way core tensor G
and N factor matrices. Specifically, in Tucker decomposition
the target tensor is approximated by the sum of rank-one
tensors weighted by the components of the core tensor. For

example, for ¥ € R"*/*K we would have:
P 0 R
X~X=D"3"> gur(@oboc),
p=1g=1r=1

where g, are the entries of the core tensor G € RFP*CxR
and A € R/*P B € R/*€, and C € RX*R correspond to the
factor matrices constructed as above. A succinct notation for
Tucker decomposition is X &~ G x| A x7 B x3 C [38], which
we will use below.

Computing a CP or Tucker decomposition involves learn-
ing the factors as part of an optimization scheme

arg min D(X || /'/Y\),
AB,C

with an appropriately chosen divergence function D. Most
popular choices include the Euclidean distance (|| X' — X D
and Kullback-Leibler (KL) divergence. Commonly used
optimization algorithms for CP and Tucker decomposi-
tions include alternating least squares (ALS) [39], [40]
and higher-order orthogonal iteration (HOOI) [43], respec-
tively [38]. Tensor decompositions are utilized in a wide
variety of scientific disciplines ranging from signal pro-
cessing [44], [45], [46] to social science [47]. For other
kinds of decompositions, problems, and theoretical results
see [38], [48], [49], and [50].

1) NONNEGATIVE MATRIX/TENSOR FACTORIZATIONS

An important variant of matrix/tensor decompositions is
nonnegative matrix/tensor factorization (NMF/NTF), which
targets nonnegative data, and also constrains factor matrices
to have nonnegative entries [51], [52], [53]. Nonnegative
variants of the aforementioned CP and Tucker decomposi-
tions are two of the most prominent NTF methods [38], with
similar choices for D. Usually utilized optimization methods
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for NMF/NTF include projected gradient descent and mul-
tiplicative updates [37]. Research on NMF/NTF produced
numerous approaches throughout the years; see [37], [54],
and [55] for informative reviews.

2) PROBABILISTIC NTF METHODS

Probabilistic formulations of NMF and NTF propose a gener-
ative model for the observed tensor X', which allows posterior
inference regarding the model parameters, i.e. the latent fac-
tors [36]. These include point estimates such as maximum
likelihood and maximum a posteriori (MAP), as well as
full posterior inference through sampling-based or variational
procedures. The formulation of NTF as a probabilistic mod-
eling task allows the wide range of inference methods devel-
oped in Bayesian statistics to be used for NMF/NTF [56].
Such models prove to be capable of extracting information
from high-dimensional, sparse, relational data, combining
the representative power of nonnegative decompositions with
well-quantified uncertainties allowed by novel inference and
model scoring capabilities [57], [58], [59].

IV. METHOD

We now present our proposed approach for modeling hier-
archical seasonality, which we call low-rank hierarchical
seasonality (LRHS). Afterwards, we will present its proba-
bilistic variant.

A. LOW-RANK HIERARCHICAL SEASONALITY (LRHS)
Recall the definition of a multiple seasonal s;, and how it was
defined as the multiplication of factors s; = s?l)s?) to account
for two “nested” periodic patterns, such as days-of-week
and hours-of-day. We now formally define our modeling
approach by generalizing this idea to N seasonalities and
multiple such nested patterns, and we will rely on tensor
formalism when doing so. This implies a particular represen-
tation of the data, where we ‘““fold”” an observed seasonality
vector s based on its seasonalities to create a tensor:
Definition I (Multiple Cyclical Folding; MCF): Let s €
RT denote a vector that contains observed values of the
seasonal component of a time series, and let Py, ..., Py €
ZF be the periods for the N nested seasonalities observed
in the data. Assume the data includes K € 7 full cycles of
the longest seasonality, such that T = K - Hivz 1 Pi. Multiple
cyclical folding creates the tensor M € R/ xPnxK .

M
= MCEF(s), such that M(t mod Py,
lt/P1] mod Py, ..., [t/Py—1] mod Py, |t/Pn]) = s,

where P, = [T, P

A visualization of this data representation is presented in
Figure 2. For example, if we were to model 10 weeks of
hourly data with daily and weekly seasonalities, this would
imply that T = 24 x 7 x 10 = 1680 and s € R!680,
with Pi = 24, P, = 7, and K = 10. After MCF we
would have M e R¥*7x10 — MCF(s). As defined above,
the last dimension of M indexes the full cycles of the data,
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such that k = 1 for week 1, k = 2 for week 2 and so
forth. For brevity we will call this dimension cycle index.
With the exception of Definition 1 that uses 0-indexing for
convenience, we use 1-indexing convention in tensors for a
more natural exposition.

As we will see below, our modeling approach naturally
extends to multivariate time series. With multivariate data,
time series index becomes another dimension of the repre-
sentation (or dimensions, should there exist multiple non-
temporal indices). That is, if the example dataset above had
measurements from / = 100 stations, MCF would produce
M e R100x24x7x10 Haying described our data representa-
tion, we now introduce our modeling approach.

Definition 2 (Low-Rank Hierarchical Seasonality; LRHS):
Let M € RPv<PrxxPnxK o the multiple cyclical folding
of an observed seasonality s € R, such that M = MCF(s).
Low-rank hierarchical seasonality (LRHS) proposes the fol-
lowing approximation for modeling seasonality:

Ma~M=6Gx MY .M xy, K, )

where G € RRUXR2XXRNXRK ¢ the Jatent core tensor, MW €
RPxRn vy e [N] and K € KE*RK qre the factor matrices
for the seasonal components and the cycle index respectively.
Factors can be found by minimizing D(M ||./T/l\) with a suit-
ably chosen divergence function D. A multivariate extension
is straightforward with an additional mode of cardinality 1
and the corresponding factor matrix I € RI*Rr

We follow our definition with some remarks. First, note
that the presence of the cycle index, and the correspond-
ing factor K enables LRHS to detect and model changing
multi-seasonal patterns through K full cycles. For example,
in Figure 1 LRHS captures the fact that although week-
day daytime taxi trips existed in the weeks before Covid
(k < 10), their relative importance tangibly increased with
Covid (k > 10) as other seasonal patterns withered. We will
see more examples of LRHS capturing such dynamics in
Section V.

Another point to note is that for full generality, we intro-
duced LRHS with a Tucker decomposition in Definition 2,
where all factor matrices have their own latent factor with
different cardinalities Ry, ..., Ry, Rk, and core tensor G
determines how these latent factors interact. However, if we
set R = R = --- = Ry = Rg and let G be superdiagonal,
this formulation would correspond to a CP decomposition.
Also importantly, other constraints on factors can also be
easily integrated to this framework: e.g. a nonnegative variant
would assume nonnegative observations and would constrain
all factors to be nonnegative.

The main hypothesis of this paper is that LRHS is an
accurate and efficient approach for modeling hierarchical
seasonality. LRHS is designed for contexts where the periods
of these seasonalities are known a priori: this is most impor-
tantly the case for datasets that characterize various aspects
of collective human behavior. For example, the number of
customers arriving at a restaurant can be driven by two dis-
tinct segments of customers, those who prefer lunches on
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weekdays, and others who come to Friday and Saturday din-
ners. Our results in Section V indeed confirm the abundance
of such compositions, in complex and meaningful inter-
actions with non-temporal (i.e. spatial) dimensions. LRHS
allows the rich arsenal of tensor decomposition methodology
to be used in the accurate and efficient recovery of such
patterns.

1) UTILIZING LEARNED LRHS COMPONENTS

LRHS allows the specification of a decomposition model and
an optimization scheme. Once we recover the component
factors based on our modeling assumptions, these learned
factors can be utilized for various inferential tasks. First, the
learned factors can directly be investigated to discover the
underlying dynamics that produce the temporal patterns in
question (as in [14]). Second, in the case of missing data,
given a set of non-missing indices €2 and a projector IT :
RPxxPyxK_ RPIX-xPyxK that sets cells with missing
observations to 0, learning could take place as

arg min
GMD, MM K

D (IIM)IITT(G x1 - xn+1 K)),

after which the reconstruction M = Gx M1 .. . M™ x v
K can be used to fill in the missing data (as in [32]).

Lastly, for predicting future observations, imagine without
loss of generality that we have a forecast horizon of one full
cycle, ie. 1 - Hf\;l P;. Then, an appropriately chosen cycle
index row vector kg1 € Rk can be used to compute the
prediction for the new cycle:

M1 =G x1 MDY ..MM sy kgt

where M, k+1 hold the predictions for the forecast horizon.
kg1 can be chosen in various ways, such as setting it equal
to the last cycle index of the model kx4 := Kk (as in [26]),
or computing it through the exponential smoothing of past
cycle indices: Kx 41 := kK, where kK =ak, + (1 — oz)kK 1
and ko = k; by convention (as in [18]). If detrending was
conducted beforehand, both imputation and prediction would
require re-adding the trend component (or its extrapolation)
before finalizing inference.

B. BAYESIAN LOW-RANK HIERARCHICAL SEASONALITY
(BLRHS)

We now define a Bayesian variant of LRHS, for robust and
interpretable posterior inference and convenient model selec-
tion. Here, the fact that the time series data of interest usually
are nonnegative (e.g. counts of trips, occupancy of routes,
amount of energy consumption) presents a unique opportu-
nity to integrate NTF methods into our formulation. This
allows us to exploit the additive, sparse, by-parts representa-
tions NTF methods are known to produce [37] and combine
it with convenient inference and model selection methods
probabilistic models enable. As discussed above, probabilis-
tic NTF is a vibrant research area with various modeling
approaches adopting different choices for model structure
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and conditional distributions [57], [58], [60]. Here, we emu-
late the choices by [58], whose modeling approach, called
Bayesian Allocation Model (BAM), allows expedited infer-
ence and model selection. We now introduce BLRHS with a
CP decomposition for brevity, and present its Tucker variant
in the supplementary material.

Definition 3 (Bayesian Low-Rank Hierarchical Season-

ality; BLRHS): Let M € RPIX HEPNK be the multi-

ple cyclical folding of an observed seasonality. Let m(")

(resp. K,.) be the r'th column of the random factor matrix
M®, (resp. K). Bayesian low-rank hierarchical seasonal-
ity (BLRHS) proposes the following generative model for
seasonality:

P(MIM) = [ Poisson(Mipy 41| My +1).

iN+1]

R
./\//Tz )»Zw, (mﬁl) o
r=1
A ~ Gamma(a, b),
w ~ Dirichlet(1 - «(R)),
") ~ Dirichlet(1 - a(P, - R)), Vr € [R],Vn € [N]
k, ~ Dirichlet(1 - «(K - R)), Vr € [R].

-~om£N)ok,),

Here the Dirichlet distributions have flat priors with the
concentration parameter «(L) := a/L, and a, b are hyper-
parameters of the model. A multivariate extension of this
construction is straightforward with an additional mode
of cardinality 1 equal to the number of time series and
the corresponding factor matrix I = [iy,...,ig], with
i, ~ Dirichlet(1 - a({ - R)).

See Figure 3 for graphical models implied by BLRHS, with
CP and Tucker decompositions. We now describe inference
with BLRHS, and then detail how the results can be used in
interpreting seasonality components.

1) INFERENCE WITH BLRHS

Two inferential tasks are important for utilizing the model
defined above. One is posterior inference, that is obtaining
or approximating the posterior of the model parameters:

PoOLMD, . MM K, wlM, R, a,b), (3)

where R is the latent rank and a, b are the hyperparameters.
Posterior inference is the probabilistic counterpart of learning
the latent factors. Another important inferential task would be
computing the marginal likelihood of the data M:

P(MI|R, a, b), 4

where the model parameters, 1, MV, ... MM K, w, are
integrated out. Marginal likelihood is a crucial quantity, as it
can be used to score the overall model, thus be used for model
selection. However, it is a notoriously difficult quantity to
estimate in such latent variable models [61].

A frequently used inference algorithm for latent variable
models is mean-field variational inference (MFVI), which we
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(a) BLRHS with CP decomposition.

(b) BLRHS with Tucker decomposition.

FIGURE 3. BLRHS utilizing (a) CP and (b) Tucker decompositions,
modeling multivariate time series with temporal observations at |
different locations, and with P; = 24, P, = 7, for K weeks of data. Higher
or lower seasonality terms can be added if desired. Hyperparameters are
omitted for brevity.

utilize for inference with BLRHS. MFVI proposes to approx-
imate the model posterior (3) with a factorized variational
distribution, the parameters of which can be optimized to
minimize the KL-divergence between the actual and varia-
tional posteriors, Dkyr (Q||P). Ignoring hyperparameters for
brevity, regarding the model proposed in Definition 3 MFVI
would define the following variational distribution:

POLMD . MY K, wiM)
~ 00, MV MY K, w)
= g(gMD) ... gM™M)g(K)g(w).

MFVI allows each g to be updated in an alternating fash-
ion to minimize the Dgz (Q||P), in a procedure sometimes
called coordinate ascent variational inference (CAVI). In
BLRHS, with the use of an auxiliary latent tensor prescribed
by the BAM framework (as detailed in the supplement),
these updates remain tractable even for data with very large
dimensions.
A closer look at Dgy (Q||P) reveals another relation:

log P(M) = Dkr(QIIP) — Eg[log Q(¢) — log P(¢, M),

where we let ¢ = (A,M(l),...) collect all parameters
for brevity. Since marginal log-likelihood log P(M) is con-
stant given the model, decreasing Dg; implies increasing
—Eollog O(¢) —log P(¢, M)]. Since Dgy is always nonneg-
ative, this also means that this latter term is a lower bound
to marginal log-likelihood. A well known quantity in prob-
abilistic inference, this term is called evidence lower bound
(ELBO) and it is frequently used for model selection as an
approximation of marginal (log-)likelihood [62].

Thus the MFVI procedure for BLRHS allows not only
expedient posterior inference, but also convenient model
selection. For example, after MFVI we can compute the
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FIGURE 4. Synthetic example demonstrating that once BLRHS is trained
on a time series (shown in a), its estimated factors can be utilized to
explore the latent patterns captured by it (shown in b, lighter implies

busier). Remember that P(hour, day|r =i) := a o fﬁ;z), so the

heatmaps for i = {1, 2, 3, 4} correspond to four Jisparate weekly
patterns that are captured by BLRHS.

ELBO with BLRHS’s CP and Tucker variants with different
ranks, and select the highest-scoring model. The previous
work we reviewed in Section II rarely, if ever, provide a
method for principled model selection, which BLRHS allows
naturally, as seen in our results in Section V.

The exact form of the CAVI updates for BLRHS, as
well as a more in-depth discussion of inference with this
modeling approach can be found in the supplementary
material. Importantly, our particular implementation of this
procedure (https://github.com/mbarsbey/lrhs)
exploits the parallel processing capabilities of modern hard-
ware and computational frameworks, allowing us to conduct
inference on and make sense of very large temporal datasets.

2) INTERPRETABLE SEASONALITY WITH BLRHS

To demonstrate how BLRHS helps extract interpretable rep-
resentations from hierarchically seasonal data, let us start
with a toy univariate dataset, pertaining to the ridership counts
for a subway station. We model daily and weekly season-
alities (P; = 24, P, = 7), and observe this station for
K full cycles (weeks). Notice that the parameters of this
decomposition according to BLRHS would correspond to
conditional probability tables such that:

: N gD
P(hour =j|r =) := MJ.J ,

Although this is promising, by definition we do not have
direct access to these factors, as they are latent vari-
ables. However, we can use our estimates of these through

(1)

or Pthour|r =i) :=m;".
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MEVI, ie. MD = EoM®) to examine and utilize these
latent factors:

D, e — e (D D, o (D
P(hour =j|r =) := M./'J , or P(hour|r =1i):=m; .
This interpretability of parameters (or their estimates) as
probabilities enables various interesting queries to be made
through a trained BLRHS model. For example, we could
examine the joint daily-hourly seasonality patterns that are

captured by our latent factor:
(1)

i

2

P(hour, day|r = i) := " o .

We present idealized examples of such queries in Figure 4.
Conducting inference with BLRHS on the synthetic time
series seen in Figure 4a with R = 4 results in the factors

seen in Figure 4b. By examining P(hour, day|r = 1) :=
I’ﬁ(ll) o l’ﬁ(lz) we can see that r = 1 has captured morn-

ing commute in this time series. We could also infer that
r = 2,3, 4 correspond to evening commute, weekend night
entertainment, and day trips, respectively. We could also look
at ﬁ(r = i) := wj; to see the strength of these patterns in
the overall dataset. We could track their strengths throughout
weeks, ﬁ(r|week), to explore the dynamics of these patterns
through time, as in weekend night taxi rides disappearing with
Covid in Figure 1. In Section V, we investigate these complex
interactive patterns and examine how they interact with other
variables (e.g. location, yearly seasonality) on large real life
datasets. The public repository for this paper includes trained
models of BLRHS for the reader to query and explore these
spatiotemporal patterns as desired.

V. RESULTS

We now conduct various experiments to test whether
LRHS/BLRHS accurately captures seasonal patterns in
various datasets and problem contexts. Source code for repro-
ducing our experiments and experimenting with the pro-
posed modeling approach is provided in our public GitHub
repository.

A. TESTING LOW-RANK HIERARCHICAL SEASONALITY in
UNIVARIATE TIME SERIES

As the first test of our idea, we conduct numerical experi-
ments on a range of time series prediction tasks on univariate
data, comparing LRHS with canonical methods for handling
seasonality from signal processing and time series analysis.

1) DATASETS

We use the Bay Area Rapid Transport (BART) ridership
data provided by its administration,> Hourly Energy Con-
sumption® dataset from Kaggle, and Electricity and Traffic
datasets from GluonTS [63]. Electricity and Traffic datasets
include 321 and 862 individual time series, and a total of
125 and 83 weeks of hourly data respectively. Given LRHS

1https://github.com/mbarsbey/lrhs

2https://www.bart.gov/about/reports/ridership

3https://www.kaggle.com/robikscube/hourlyfenergy
—consumption
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is developed for modeling seasonality, series that do not
have pronounced seasonal components are of little interest
in evaluating LRHS. So, we take time series in which the
seasonal component accounts for 75 percent of the variance
(R?> > 0.75) after subtracting the trend-cycle component.
To make sure that our conclusions are not based on a specific
choice of cut-off point, we also repeat this procedure with a
threshold of 85 percent. This gives us two different versions
of these datasets, which we denote by adding -75 and -85 as
suffixes to their names. The resulting number of time series
are 236 and 146 for Electricity-75 and Electricity-85, and
508 and 133 for Traffic-75 and Traffic-85 respectively. Kag-
gle Energy and BART datasets provide a different challenge
as they have much longer histories. From Kaggle Energy
dataset we take the 6 series that have more than 12 years of
data, and from BART dataset we use the 10 mostly occupied
routes between 2011-2019.4

For all datasets, we take P; = 24, P» = 7 and use the last
10 cycles of the data (1680 hours) as the held out set, i.e.,
the forecast horizon. Additionally, since Energy and BART
datasets are considerably longer than the others, we use this
as an opportunity to create an additional experiment setting:
we set P1 = 24, P, = 7,P3 = 52 and keep the final
year of each time series as the held out sample (8736 hours).
These variants are denoted Energy-1Y and BART-1Y, respec-
tively. Notice that this representation results in four temporal
dimensions (hour, day, week, year), speaking to the ability of
LRHS to take modeling hierarchical seasonality to previously
unexplored extents.

2) EXPERIMENTAL SETTING, BASELINES, METRICS

We first compute and subtract the trend-cycle component /;
via a simple moving average of twice the cycle length
(i.e. 2 x Py), assuming an additive decomposition. We then
attempt to forecast seasonality for the held out periods
via eight methods. The baselines include discrete cosine
(DCT) and Fourier transforms (DFT), Fourier basis regres-
sion (FB) (described fully in the supplemental material),
and Holt-Winters method (HW) [64]. We use LRHS with
CP and Tucker decompositions, denoted LRHS-CP and
LRHS-T, respectively. We also utilize a variant of either
where we conduct smoothing of the temporal factor as
described in Section IV-A1. Therefore, an additional -S suffix
for LRHS methods denotes the version where smoothing
adjustment is applied.

We compare the methods using mean absolute error (MAE)
and root mean squared error (RMSE). Given a ground truth
vector and an estimator thereof, y,y € RT, these metrics are
defined as:

MAE(Y,Y) =+ > |y — ¥l
%
RMSE(. 9) = (§ X100 = 30?)

4For BART experiments, we limit ourselves to pre-Covid era due to
dramatic trend changes in Spring 2020. However, see Section V-C for a full,
multivariate analysis of the BART data.
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TABLE 1. Mean absolute errors (MAE) and root mean squared errors (RMSE) of forecasts for held out time series. The two best performing algorithms are
presented in bold.

MAE RMSE
Dataset DCT DFT FB HW LRHS-CP LRHS-CP-S LRHS-T LRHS-T-S DCT DFT FB HW LRHS-CP LRHS-CP-S LRHS-T LRHS-T-S
BART 0.0486 0.0258 0.0269 0.0213 0.0217 0.0215  0.0235 0.0234 | 0.0782 0.0468 0.0492 0.0496 0.0493 0.0488  0.0496 0.0493
BART-1Y 0.0342 0.0255 0.0251 0.0171 0.0158 0.0172  0.0191 0.0199 | 0.0539 0.0422 0.0413 0.0333 0.0318 0.0326  0.0357 0.0362
Electricity-75 0.0598 0.0460 0.0413 0.0409 0.0410 0.0405  0.0381 0.0386 | 0.0770 0.0602 0.0545 0.0557 0.0552 0.0545  0.0518 0.0524
Electricity-85 0.0556 0.0415 0.0381 0.0358 0.0363 0.0354  0.0350 0.0350 | 0.0714 0.0544 0.0503 0.0492 0.0492 0.0482  0.0473 0.0474
Kaggle Energy 0.0770  0.0464 0.0565 0.0533 0.0505 0.0527  0.0508 0.0519 | 0.0939 0.0601 0.0717 0.0661 0.0628 0.0655  0.0651 0.0663
Kaggle Energy-1Y | 0.0564 0.0468 0.0518 0.0488 0.0485 0.0475  0.0454 0.0456 | 0.0754 0.0618 0.0680 0.0660 0.0642 0.0637  0.0610 0.0611
Traffic-75 0.0420 0.0326 0.0278 0.0233 0.0247 0.0232  0.0267 0.0263 | 0.0620 0.0516 0.0481 0.0469 0.0465 0.0452  0.0478 0.0476
Traffic-85 0.0410 0.0314 0.0260 0.0203 0.0210 0.0203  0.0244 0.0244 | 0.0573 0.0468 0.0426 0.0391 0.0388 0.0382  0.0419 0.0419
MAE (In Sample) RMSE (In Sample) MAE (Out of Sample) RMSE (Out of Sample)
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FIGURE 5. Comparison of errors vs. the number of parameters required for each model in the Electricity-75 dataset. The vertical dashed line denotes the

number of parameters required by Holt-Winters and other classical decompositions. Both axes are logarithmic for ease of presentation.

For this task, we use Tensorly [65] for tensor decompo-
sitions and SciPy [66] for discrete transforms with Python
programming language, without any explicit regularization.

3) EXPERIMENT RESULTS

For all baselines and LRHS variants, we run each algorithm
for a variety of parameter dimensionality settings, and
report the best generalization performance in Table 1. Our
approaches generally yield favorable results, often matching
and outperforming the Holt-Winters approach which appears
to be the best performer among baselines. While short-term
forecasting results on BART and Energy datasets are compa-
rable to other methods, LRHS clearly outperforms baselines
in one year forecasts. The latter result is especially important
since these experiment settings include the longest forecast
horizon (a year), and three hierarchical seasonality patterns
(daily, weekly, yearly), implying that LRHS becomes more
useful as seasonal patterns get more intricate.

In Figure 5, we plot the performance of different algo-
rithms with varying number of parameters, corresponding
to the number of components in discrete transform and FB
methods, and varying tensor rank in our methods. We present
results for the Electricity-75 dataset, where we can observe
that tensor-based methods not only outperform baselines out
of sample, but also do so with lower number of parame-
ters, speaking to the appropriateness of tensor formalism
in compressing/representing hierarchical seasonality. Similar
figures for all seven other datasets can be found in the sup-
plementary material.

It is especially significant that these favorable results are
obtained in a univariate setting, without exploiting the advan-
tage of LRHS being easily generalizable to multivariate data.
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Accordingly, we now move on to multivariate experiments,
where we first focus on LRHS/BLRHS’s ability to extract
meaningful patterns from large multivariate datasets, and then
compare its accuracy in imputation tasks to its alternatives.

B. EXPERIMENTS WITH NEW YORK CITY YELLOW TAXI
DATA

We now use BLRHS to analyze New York City Yellow Taxi
dataset,’ which is a record of the yellow taxi rides within
New York City, including start and end locations (265 each),
as well as time of the trip. We use the first six months
(or 25 weeks) of data from 2020 and create a 5-mode count
tensor of dimensions 265 x 265 x 24 x 7 x 25 where the
dimensions correspond to start and end locations, hour of the
day, day of the week, and week of the year, respectively.

We model this dataset using BLRHS with a Tucker
decomposition.® We conduct model selection among dif-
ferent ranks and hyperparameters using the evidence lower
bound (ELBO). Our procedure selects the model with latent
ranks R = (4,4, 5, 2, 2), with each rank corresponding to the
dimensions in the order enumerated above. In this section and
the next, we do not explicitly detrend the data and allow the
cycle index dimension account for the long term changes in
the dataset. Further details on our model selection procedure
can be found in the supplementary material. All multivariate
experiments have been implemented with the JAX framework
in Python programming language [67].

Shttps://wwwl.nyc.gov/site/tlc/about/tlcftripf
record-data.page

6Sce supplementary material for experiments that conduct model selection
across decomposition models, CP vs. Tucker.
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FIGURE 6. BLRHS breaks down the seasonalities that underlie observed patterns. Top figure includes total
hourly pre-Covid rides in the NYC YT system and BLRHS's approximation. The four bottom figures plot the
top weekly patterns that contribute to the overall number of rides. y-axes are not in scale for improved

visualization.

1) EXTRACTED SEASONAL PATTERNS

Our results reveal a good reason for our model selection to
have selected Ryeex = 2: this latent factor is used to char-
acterize pre- and post-Covid patterns as shown in Figure 1.
More specifically we see that

P(reek = 1|week) 3> P(ryeek = 2|week),
Vweek € {1, ..., 10},

while this trend dramatically reverses after week 10. Note
that the model also picks up on the slight, relative return to
normal in Summer 2020, as ﬁ(rweek = 2|week) starts to fall
back down towards the end of our time window, week 25.
Having established that ryeex = 1 and 2 roughly charac-
terizes pre- and post-Covid patterns, we further investigate
ﬁ(hour, day|rweek). This reveals the pre- and post-pandemic
travel patterns as seen in Figure 1b, and discussed previously.
Our results are in perfect alignment with those obtained
by [26], who also infer Spring 2020 to be a landmark for
seasonality regime change in NYC-YT data. That we can cor-
roborate their results with a likelihood-based model selection
and posterior inference further confirms the usefulness of our
approach.’

‘We now further challenge BLRHS to break down the over-
all observed temporal dynamics to simpler multi-seasonal
interaction patterns. For this, we first investigate the latent
factor space, and find out the most dominant patterns by
examining P(rhour = I, ¥day = j) for i € [Rpour], j € [Rdayl-
We then extract the daily-weekly patterns these latent dynam-

7BLRHS can ideally utilize an online procedure like [26], which we leave
as an exciting future direction.
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ics correspond to by observing ﬁ(hour, day|rhour, ¥day)-
In Figure 6, we plot the four most dominant patterns extracted
by BLRHS against total taxi ridership pre-Covid (week <
10). BLRHS detects that overall ridership patterns are most
strongly contributed by weekday afternoon rides (Pattern 1),
weekday night rides (Pattern 2), morning commute rides
(Pattern 3), and weekend day trips (Pattern 4) in order. Our
results shows the various ways in which BLRHS can be used
to make sense of large-scale temporal observations.

C. EXPERIMENTS WITH BART RIDERSHIP DATA

We now move on to an experiment that shows BLRHS can
extract useful information from even larger datasets. For this
experiment we use the full BART ridership dataset, which
records the hourly number of passengers in the San Francisco
Bay Area rail transportation system since 2011, in 2500 dif-
ferent pairwise routes among 50 stations. We model the data
between 2011-2022 corresponding to 12 years, and we ignore
the data from 2023 as it is incomplete at the time of writing of
this article. Given the length of data, we add another season-
ality component (yearly), thanks to the flexibility of BLRHS.
The resulting tensor is of size 50 x 50 x 24 x 7 x 53 x 12,
and contains a total ~ 1.18 billion rides. Even more challeng-
ing from a computational perspective, it is not sparse, with
only ~ 60% of its cells empty (as opposed to NYC YT
data’s ~ 98.6%).

1) EXTRACTED SEASONAL PATTERNS

We again start with likelihood-based model selection among
models with different ranks, and select a model with
R = (4,4,4,2,4,2). Examining the results of inference
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FIGURE 7. BLRHS extracts the daily-weekly latent patterns that contribute
most to overall BART ridership. The four strongest are evening commute,
morning commute, weekend day travel, and weekend night/entertainment
travel. These constitute 0.31, 0.29, 0.16, and 0.11 of all travel respectively
in expectation, computed through P(rhou,, "day) For all remaining
patterns this ratio is <0.1, lighter implies busier.

with this model exposes a number of interesting phenom-

ena. We repeat our analysis about dominant daily-weekly

patterns and present them in Figure 7, visualizing

P(hour day|rhour, 7day) along with their strengths P(rhour, Tday)-
The patterns are similar to those in NYC-YT, however take

place slightly earlier in the day, given that these are records of

mass transportation rides as opposed to private commercial

trips. See the supplementary material for more details on

model selection.

More interestingly, now that we have extracted them,
BLRHS allows us to examine these latent patterns’ evolution
through time. In Figure 8, we do exactly this, and see that
with Covid-19 the relative prevalence of these different travel
tendencies drastically change (while total ridership falls over-
all). Weekend night travel almost goes extinct by Spring and
Summer 2020, not only in absolute terms but also in relation
to other types of travel. In relative terms, the reduction of
weekend night travel is not counteracted by the increase of
weekday commute, but by increased weekend daytime travel.
This somewhat counterintuitive pattern is possibly due to
essential workers and travels by residents to parks within the
city, while work-from-home measures keep weekday com-
mute at bay. Notice that this is an examination of the latent
multi-seasonal interactions and is thus not easily accessible
through marginal statistics of the data.

Being able to map out these high level interactions further
demonstrates the usefulness of BLRHS for making sense of
very large temporal data, making full use of the inductive bias
that lies at the heart of our approach. One last example of this
is presented in Figure 9, which relates these latent patterns to
multiple spatial components.
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D. MISSING DATA IMPUTATION in MULTIVARIATE TIME
SERIES USING BLRHS

We have seen that BLRHS allows scalable and interpretable
inference as well as convenient model selection. In this
section, we investigate whether it eschews accuracy for inter-
pretability. Our results show that it does not: BLRHS either
surpasses or performs on par with other models that target
multiple seasonality. As described in Section II, one of the
most relevant preceding work is by [34], who experiment
with one seasonality vs. two nested seasonalities in a given
spatiotemporal model, using Bayesian CP decomposition.
Using their setting, we compare BLRHS with their results,
as well as a more recent method by [68] who utilize a similar
approach yet add a sparse tensor term for modeling outliers.
See the supplementary material for the details of the varia-
tional procedure and how missing data are handled within it.

1) DATASET

The dataset used is the Guangzhou Traffic Data [69]: a
multivariate time series dataset that includes two months of
observations of traffic speeds at 214 different road segments
in Guangzhou, China, measured with a frequency of 10 min-
utes, with data dimensions 214 x 144 x 61. We follow the
authors’ methodology by testing the imputation performance
of our method when 10%, 20%, 30%, 40%, and 50% of the
data are missing. The entries can be missing either randomly
or in a time-correlated fashion (i.e. missing for a day at a
time). The dataset has ~ 1.87 million entries, and the 1.29%
of the entries are missing in the original dataset.

2) EXPERIMENTAL SETTING, METRICS, MODEL SELECTION
We compare our results with Bayesian Gaussian CP (BGCP)
from [34] and with Bayesian Robust CP (BRCP) from [68].
Moreover, since we use the exact experimental setting of [34]
including randomization,® we compare our results with base-
line model performances included therein as well, using
numerical results reported by the authors. We do this because
these baselines can surpass BGCP and BRCP, albeit rarely.
These alternative baselines include high accuracy low-rank
tensor completion (HaLRTC) [70], SVD-combined tensor
decomposition (STD) [71], and two simpler baselines daily
average (DA; filling in missing data with daily averages over
all observations), and a kNN algorithm (using the average
of k nearest roads for the missing values). As performance
metrics, we use MAPE and RMSE to be able to compare our
approach with previous work. RMSE is as defined above, and
MAPE is defined as:

ly: —
MAPE(y,y) = _—
T ; Yt

We use a BLRHS model with CP decomposition. Both [34]
and [68] provide their models’ results across different
hyperparameter settings and/or different data representations.

8https://github.com/mcgillfsmartftransport/bgcp_
imputation
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FIGURE 8. Total ridership dramatically decreases overall due to the Covid-19 pandemic (top). The relative
prevalence of major leading patterns extracted in Figure 7 can be tracked through the years (bottom).

In relative terms, our results show that during Covid the disappearing weekend night travel is replaced by
weekend daytime trips, and not weekday commute.

TABLE 2. The comparison of BLRHS with other methods for missing data imputation. Best results in each column are in boldface. BLRHS is ours; BRCP is
from [68], the rest is from [34].

Random Missing

10% 20% 30% 40% 50%
Model MAPE RMSE | MAPE RMSE | MAPE RMSE | MAPE RMSE | MAPE RMSE
DA 0.1213  5.1778 | 0.1218 5.1905 | 0.1217  5.1977 0.1217  5.1993 | 0.1221 5.2113
kNN(10) 0.1303  5.1101 | 0.1314 5.1486 | 0.1322  5.1966 0.1333  5.2565 | 0.1356  5.3573
HaLRTC 0.0776 ~ 3.1716 | 0.0817 3.3231 | 0.0850 3.4748 | 0.0887 3.6143 | 0.0931 3.7730
BGCP 0.0795  3.4521 | 0.0798 3.4531 | 0.0799 3.4655 | 0.0801 3.4756 0.807  3.5042
BRCP 0.0832 35918 | 0.0836 3.6001 | 0.0838 3.6160 | 0.0837 3.6165 | 0.0844  3.6429
BLRHS (Ours) | 0.0731  3.2320 | 0.0742 3.2716 | 0.0765 3.3525 | 0.0780  3.4625 | 0.0801 3.5373

Correlated Missing

10% 20% 30% 40% 50%
Model MAPE RMSE | MAPE RMSE | MAPE RMSE | MAPE RMSE | MAPE RMSE
DA 0.1208  5.1128 | 0.1207 5.1983 | 0.1346  5.2591 0.1388  5.4405 | 0.1445 5.6516
kNN(13) 0.1342 51714 | 0.1340 5.1486 | 0.1322  5.1966 | 0.1333 52565 | 0.1356 5.3573
HaLRTC 0.1015  4.1322 | 0.1022 4.1716 | 0.1035 4.2372 | 0.1057 4.3232 | 0.1090 4.4472
BGCP 0.0980 4.1413 | 0.0984  4.1477 | 0.0980 4.1857 | 0.1001 4.2881 | 0.1030 4.4199
BRCP 0.0982  4.1352 | 0.0980 4.1400 | 0.0989 42197 | 0.1003  4.2909 | 0.1022  4.4497
BLRHS (Ours) | 0.0976 4.1314 | 0.0984 4.2090 | 0.0998  4.2508 0.1021  4.3086 | 0.1045 4.4191

validation set for model selection, and we compare our
selected model with the best-in-hindsight versions of the
results by [34] and [68].°

BLRHS Morning Commute BLRHS Evening Commute

-% During model selection we search among R = {5, 25,
& 20 50, 150, 300, 450}, corresponding to a range of 1000-fold to
'% 30 10-fold parameter decrease in the representation of the data.
@ a0 M Since this is not a dataset of counts or frequencies but traffic

speeds, the observed entries are almost always larger than 0.
Thus, we apply a simple detrending scheme where we sub-
tract the minimum of each time series from all observations

0 10 20 30 40 0 10 20 30 40
Ending Station Ending Station

FIGURE 9. Examining how latent temporal patterns extracted by BLRHS
can be related to spatial dimensions: A number of urban and commercial
hubs (e.g. 6: Civic Center, 23: Powell Street) witness a large influx from
more residential and suburban areas (e.g. 29: Balboa Park, 33: Walnut
Creek), and the trend reverses at evening commute time. Lighter implies
busier. Station names for all indices can be found in the supplementary
material.

To provide a more rigorous challenge to our method, we use
1% of the data (selected from the uncensored cells) as
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before conducting inference with BLRHS, and add this to
BLRHS’s reconstructed output after inference. We present
our results using a 3-order tensor data representation, dis-
cussion of BLRHS experiments up to 4 temporal dimensions

9Given that we use MAPE and RMSE for comparison, ELBO is of less
utility here for model selection, given that it assumes a Poisson observation
likelihood.
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(5-order tensor), as well as further details on model selection
can be found in the supplementary material.

3) EXPERIMENT RESULTS

We present our results in Table 2. For randomly missing
observations the results are almost unanimous: save for a few
exceptions our approach outperforms the best-in-hindsight
alternative methods. This is very encouraging, and implies
that BLRHS not only provides an interpretable analysis of
seasonal patterns, but also an accurate one.

For correlated missing data, the results are more equivocal,
in that the three methods, BLRHS, BGCP, and BRCP almost
equally share the first place in different tasks. An important
point to note is that since the metrics in question are RMSE
and MAPE, the Gaussian likelihood used by [34] and [68]
is arguably advantageous compared to BLRHS’s Poisson
likelihood. Given this point, and given that BLRHS is losing
a portion of the data for model selection instead of providing
results for all hyperparameters, we also take these results to
be an encouraging sign, and consider improving accuracy of
BLRHS in MAPE and RMSE further as an exciting future
direction.

VI. CONCLUSION

We present a general framework for representing multiple
periodic patterns in time series as an additive combination of
underlying patterns. We connect our approach to the powerful
formalism of low-rank tensor decompositions, which allows
us to propose generally applicable tensor decomposition
algorithms for estimating parsimonious representations of
cyclical patterns in time series data. Moreover, our approach
naturally extends to multivariate time series, and with the
probabilistic version of our model we facilitate knowledge
discovery not only through scaleable and accurate posterior
inference, but also through likelihood-based model scoring.
Although we have examined various applications of our
work, these only represent a small selection of potential
avenues that our approach can be extended to.

Exciting future directions include utilizing other observa-
tion likelihoods like Gaussian [34], using other models and/or
inference methods for BLRHS [47], [58], more closely inte-
grating the modeling of trend to our framework [72], using an
additive sparse tensor term for outliers [68], involving ordinal
dimensions [59], and capacity for handling seasonalities of
statistically different nature such as those with heavy-tailed
distributions [73]. Systematic application of our approach in
fields such as energy management, logistics, and demand
forecasting is another important future direction [8], [10],
[11], [15]. As expressed before, our results have implica-
tions not only for matrix/tensor based methods, but also
for methods based on classical time series decompositions,
which are still widely used [74], [75], as well as deep learn-
ing based methods [76], [77]. Therefore, the integration of
LRHS within such work constitutes another important future
research direction. As our models and data get increasingly
larger, the need for such parsimonious representations are

85782

only likely to increase. We hope that our work encourages
further research in these exciting avenues.
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