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Abstract

Time series modeling is an important problem with many ap-
plications in different domains. Here we consider discrimi-
native learning from time series, where we seek to predict
an output response variable based on time series input. We
develop a method based on convolution kernels to model dis-
criminative learning over streams of text. Our method outper-
forms competitive baselines in three synthetic and two real
datasets, rumour frequency modeling and popularity predic-
tion tasks.

Introduction

Modeling of time series is a foundational problem in the ma-
chine learning literature, which typically attempts to model
the dynamics of a signal into the future based on a history of
observations. This paper considers another, less well stud-
ied, problem of discriminative modeling from time series. In
this setting time series serve as inputs from which we seek
to model an arbitrary output variable (or several variables).
Direct modeling of time series can be viewed as a special
case of such an approach, in which the response variable is
the future value of the time series. However, discriminative
modeling allows application to other tasks where an output
variable is less closely related to the time series values. For
example, we may be interested if a particular stream of posts
in social media corresponds to a disaster event, or if variation
of COs, across time in a given location indicates an alarming
problem for the environment. In both instances the response
variable is a classification output not directly related to the
time series dynamics, however there are likely to be charac-
teristics of the time series inputs which can be exploited in
modeling the response variable.

A key problem related to discriminative modeling from
time series is in capturing the similarities and differences
between time series in the presence of complex temporal
patterns, sporadically observed data, and non-stationarities.
For instance, many collections of text data exhibit complex
temporal phenomena, however these temporal dynamics are
typically omitted from models. Examples include journal ar-
ticles which are released at specific dates and over time their
topical focus changes, or social media which exhibits trends,
burstiness and a changing vocabulary.
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This paper considers as its motivating case-study rumours
comprising of a series of posts in conversation channels on
social media. Lukasik, Cohn, and Bontcheva (2015) recently
considered a discriminative learning problem of predicting
rumour popularity, noting that rumour characteristics change
during their lifespan: typically a rumour is initially widely
discussed, but afterwards the discussion either rapidly termi-
nates or else smoothly decays. Both the temporal dynamics
of the rumour spread and the text content of the posts con-
tain important cues for determining the future spread of a
rumour. However, exploiting these two sources of informa-
tion is difficult. One approach is feature engineering, how-
ever these problems are not generally amenable to feature
selection, and thus result in large feature spaces with conse-
quent high computational expense and problems of overfit-
ting (Xing et al. 2011).

We address the problem of modeling time series of text by
adapting the general idea of convolution kernels (Haussler
1999). Convolution kernels avoid the effort of feature engi-
neering and allow for using a rich data representation. We
demonstrate the proposed convolution kernels for discrim-
inative learning from text time series on the range of prob-
lems: classification, regression, Poisson regression and point
process modeling. Previous work focused on classification
problems over time series (Xing, Pei, and Keogh 2010). Our
approach is based on Gaussian Processes (GP) (Rasmussen
and Williams 2005), which allows modelling of many dif-
ferent problem types, from regression modelling through to
point processes.

This paper makes the following contributions: 1. Intro-
duces a method based on convolution kernels for discrimi-
native modeling of time series composed of text over con-
tinuous time; 2. Demonstrates the proposed approach on a
range of discriminative learning problems: classification, re-
gression, Poisson regression and point process modeling;
3. Demonstrates the efficacy of the method on three syn-
thetic and two real datasets; and 4. Out-performs state of the
art methods for modeling rumour frequency profiles.

Related Work

Discriminative Learning From Time Series Time series
have been predominantly considered in settings where previ-
ous instances of a time series are used to predict the outputs
for future points (Shumway and Stoffer 2006). However,



another strand of research involves discriminative learning
from time series, where the aim is to perform classification
over whole time series data. In general, three classes of ap-
proaches have been considered for discriminative learning
from time series: model based, feature based and distance
based methods (Xing, Pei, and Keogh 2010).

Model based approaches specify generative processes for
the classification labels, e.g., using Hidden Markov Mod-
els (HMM) (Rabiner 1989), where a sequence of symbols is
modelled as a Markov process with latent states. The HMM
model has been applied for discriminative learning from bi-
ological sequences (Xing, Pei, and Keogh 2010). In this ap-
proach, an unknown sequence is being assigned a label with
the highest alignment score. This method is not appropriate
in our setting, because we consider time series of complex
objects, namely documents, treated as bags-of-words. More-
over, we consider continuous time, rather than discrete time
as in a typical HMM application.

As for the feature based methods, several approaches have
been proposed. A popular approach is extraction of informa-
tive subsequence patterns (shapelets), which has been pro-
posed in conjunction with decision trees (Ye and Keogh
2011) or SVM (Ando and Suzuki 2014). Closely related is
extraction of meta features, the user-defined recurring sub-
structures of a time series (Kadous and Sammut 2005). How-
ever, these approaches were not applied in the joint temporal
and textual space. Prior work on discriminative modelling
of temporal text corpora was based on feature engineering,
such as descriptors of temporal pattern of text (Becker, Naa-
man, and Gravano 2011). Feature engineering may be trou-
blesome and it is difficult to capture all important character-
istics in the data. Firstly, the feature selection and extraction
from time series data is not trivial, and secondly the fea-
ture space for time series can be high and thus computation-
ally expensive (Xing et al. 2011). In this work we propose a
kernelized approach where no explicit feature extraction is
needed.

Another approach to time series classification is based on
using distance functions for comparing pairs of time series.
The distance function is used in conjunction with a distance
based classification method such as KNN or SVM (Xing,
Pei, and Keogh 2010). In case of simple time series popular
approaches were euclidean distance for time series of equal
lengths and Dynamic time warping (DTW) for sequences of
unequal lengths (Keogh and Pazzani 2000). These kernels
may be appropriate for simple time series, however, they are
not adequate for this work as we deal with complex time
series of text over continuous time.

Another distance based method is kernel fusion scheme
(Wu, Wu, and Chang 2005), in which multiple feature ex-
traction methods are used to produce feature representations,
and modelled with several different kernels. The kernels are
combined together by a weighted sum or other more com-
plex combining function. Similarly, we consider a combina-
tion of kernels over text and over time treated as different
representations of time series, which can be viewed as an
instantiation of the kernel fusion scheme.! However, in our

"Here the different ‘views’ of time series are combined in a

2758

main contribution we do not combine kernels over different
representations of time series, but use R-convolution (Haus-
sler 1999) between kernels over individual points from them,
which is a more powerful method, as we show in experimen-
tal sections.

Other examples of kernels used for modeling time se-
ries inputs include Fisher kernels (Jaakkola and Haussler
1999), graph edit distance kernels (Bunke and Allermann
1983), the probability product kernel (Jebara, Kondor, and
Howard 2004) and marginalized kernels (Tsuda et al. 2001).
Although designed for time series, none of the above are ap-
propriate for our problem, since we consider multi-variate
time series of text documents occurring in continuous time.
None of these above algorithms were applied to multivari-
ate time series of text. Moreover, they considered only clas-
sification settings, whereas we consider more scenarios in
our experiments, such as regression, Poisson regression and
point process modeling problems over time series inputs.

Text Modeling Research on text analysis focuses mainly
on exploiting structure in text only, rarely making use of
time. Discriminative learning over textual time series fo-
cused on symbolic sequences, where no timestamp is con-
sidered. Dynamic time warping has been applied for com-
paring text modelled as a time series (Liu, Zhou, and Zheng
2007; Matuschek, Schliiter, and Conrad 2008). Support vec-
tor machines with string kernels have been applied for com-
paring text sequences (Lodhi et al. 2002). In these ap-
proaches text is modelled as a discrete sequence, where no
timestamp is assigned to them. Other relevant work includes
classifying social media events (sets of posts occurring in
time), and has been attempted by manual feature engineer-
ing, such as descriptors of temporal patterns of text (Becker,
Naaman, and Gravano 2011).

Convolution Kernels Convolution kernels is a framework
in which kernels between structured objects are specified
as a combination of kernel values between substructures
(Haussler 1999). Convolution kernels have been applied to
discrete objects, for example graphs (Vishwanathan et al.
2010). A compelling natural language processing example is
a tree kernel which operates on syntax trees through recur-
sive decomposition into kernels between subtrees (Collins
and Duffy 2001). Of particular relevance are string kernels,
which recursively decompose strings into substrings (Lodhi
et al. 2002). These kernels treat inputs as time series over
discrete time. In this work we design a convolution kernel
tailored to series of text over continuous time.

Notation and Problem Formulation
Let us consider a set of events X = {x;}, each of which
consists of a set of posts x; = {p}}. Posts are tuples
p;, = (w},, t}.), where wj}, is a vector text representation and

tt is a timestamp describing post p. This way, events are
time series over complex objects. One can imagine different

weighted average, where weights are kernel variances optimized
by maximizing the evidence in the Gaussian Process framework.



situations for which the kernels we introduce can be easily

adapted, e.g. using different text representation by applying

string kernels over the text (Lodhi et al. 2002).

In this work we consider a range of discriminative prob-
lems, where time series are inputs and we model an output
variable (most often a numerical value, but may be more
complex as in case of point process below), i.e. the dataset
has form D = {x;,y;},. In particular, we consider the
following four general classes of problems:

1. Binary classification, where the task is to model a binary
valued function over events, y; € {0, 1}, e.g. labelling
events as rumours or NON-rumours;

2. Regression, where the task is to model a real valued func-
tion over events, y; € R, e.g. price of stocks described by
a time series of posts about them;

3. Poisson regression, where the task is to model a non-
negative integer valued function over events, y; € N, e.g.
based on events up to time ¢, determining the number of
posts in future time interval.

. Frequency prediction, where the task is to based on the
events embedded in same space, model a non-negative in-
teger valued function over subspaces of this space; e.g.
based on events up to time ¢, determining the number of
posts in arbitrary future time intervals. In this case, y;
could be a complete set of points over the observation
window.

Our kernel approach is capable of modelling a broader
range of problems than those listed above. For example, it
could be used in a kernelled clustering method for event de-
tection in a social media stream. In this case, we can group
together tweets based on the distance calculated using con-
volution kernel over text and time.

Convolution Time Series Kernels

In this section we describe the central contribution of the
paper - convolution kernels between time series of posts de-
scribed by text over continuous time.

Formulations

A kernel over events can be formulated in many different
ways. Probably the most obvious is concatenating text from
posts together and comparing resulting texts across events,
e.g. using a kernel on the vectors. Such kernel can be ex-
pressed via the formula

Z i }: J
Wk:’ Wl

P, EX; pj €X;

ey

KZtext(Xia Xj) = Kiext

Note that we denote kernels over events with capital K and
kernels over their component posts using small k.

A very popular kernel choice for text is the linear kernel,
which takes the form kiex (W1, Wo) = 02w, wo where o2
is a learned scaling hyper-parameter. Combined with equa-
tion (1), the kernel simplifies to

S Y Y b (wiw).

P} €xi pl €x;

@

KEtext(Xu X]
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The kernel in equation (2) is expressed as a double sum-
mation of kernels between each pair of posts. It can be also
viewed as a convolution kernel between the events, where
the decomposition is made into substructures being posts,
and combined via simple summation. In this paper we use a
linear kernel for the text, although note that we could easily
replace k with another kernel for comparing the text, e.g. a
string kernel or an RBF kernel, in which case this ceases to
be equivalent to a kernel over the concatenated text.

The first non-trivial convolution kernel we consider is the
linear kernel normalized by the event sizes,

KleXl(Xi’Xj) |X1HX]| Z Z Frext (Wk’wl)- 3)

£ EXi pj €x;

‘We normalize the kernel values so that time series of varying
length can be reliably compared without any bias towards
longer structures.

A shortcoming of K., is that it operates on text only and
ignores time. Therefore, we introduce a convolution kernel
using time,

Kﬁme(xi,xj) |X2||Xj‘ Z Z kllme (tk,tj> (4)

P} €x; pJ €x;

This kernel should be useful for comparison of raw time se-
ries without additional metadata. For comparing time values

_ 2 (ti—t;)?
we use an RBF kernel, ke (t;, tj) =o3exp|——7F"—),

where o3 is a hyper-parameter controlling the output scale,

while [ > 0 is the length scale, determining the rate at which
the kernel diminishes with distance.
‘We also consider a summation of time and text kernels,

&)

Note that kernel text+time can be viewed as an instanti-
ation of the kernel fusion scheme (Wu, Wu, and Chang
2005) where different views of time series are combined in
a weighted average, where weights are kernel variances.

The final convolution kernel we consider compares pairs
of posts via a product of kernels over text and time,

Ktext+time(xi, Xj) = Klext(xiv Xj) + Ktime (Xia Xj)~

Ktextotime (Xiv Xj) =

bl 2 3 e (ko) e (8
7 J

P} €xi pl €x;

) ©

This way, the kernel captures not only the textual similari-
ties between posts coming from the two time series, but also
how close they are in time. It effectively weights influence
coming from each pair of posts by how far apart in time they
were created. In this way it can focus on differences in the
usage of text across time.

In the Supplementary Materials* we provide a proof, that
those kernels correspond to R-convolutions, which them-
selves are valid kernels (Haussler 1999).

The Supplementary Materials can be accessed at

http://people.eng.unimelb.edu.au/tcohn/papers/aaai2016.pdf.



Gaussian Processes

In this section we describe the probabilistic framework of
Gaussian Processes (GPs), which we use to demonstrate the
usefulness of our kernels. GPs support application to a range
of problems, e.g. Poisson regression, allow for learning the
hyperparameter values (o1, 09,[) without expensive cross-
validation, and also explicitly model predictive uncertainty.

The Framework

GPs are a Bayesian non-parametric framework that has been
shown to work well for a range of problems, often beat-
ing other state-of-the-art methods (Cohn and Specia 2013;
Beck, Cohn, and Specia 2014). They are widely used for re-
gression, however can also be used for other modeling prob-
lems including classification and Poisson regression. The
central concept of a GP is a latent function f over inputs
x: f(x) ~ GP(m(x), k(x,x’)), where m is the mean func-
tion, assumed to be 0 and k is the kernel, specifying the de-
gree to which the outputs covary as a function of the inputs.

Let X denote the training set of inputs, y be the corre-
sponding set of training outputs, x, be the test input and f,
be the corresponding latent function value. The GP posterior
is obtained using the prior and the likelihood p(y|f),

plylf)p(f

p(ely) = 200
p(y|X)

where in case of regression p(y|f) is a Gaussian distribution,

and it can be used to compute the predictive distribution of
latent function values at test data points as

(71X, v, x.) / (X3 E)p(Ely)dE . (8)

@)

Non Gaussian Likelihoods

For classification, the latent function is mapped by the
squashing function ®(f) (in our case probit) into the range
[0, 1], such that the result can be interpreted as p(y = 1]x).

For Poisson regression, the likelihood of outputs is given
as p(y|f) :H;-L:l Poisson (y;| exp(f;)), the Poisson likeli-
hood where the parameter is drawn from the GP, using ex-
ponentiation to enforce positivity. The posterior allows us
to answer several interesting questions, such as what is the
most probable output count for input .

Log-Gaussian Cox Process

Poisson regression allows modeling of a single count vari-
able. However, one may be interested in modeling counts
of events in arbitrary subspaces of an input space, e.g. to
answer a question like how many tweets arrived in an in-
terval of time in Twitter. A popular method used for point
data is a Poisson process, which assumes that the number of
events occurring in an interval [s, e] is Poisson distributed
with rate [ f A(t)dt. A log-Gaussian Cox process (LGCP)
(Mgller and Syversveen 1998) is an example of a Poisson
process, where the intensity function A(¢) is modelled such
that log A(t) ~ GP(0,k(t,t')). We assume an approxima-
tion of an integral [ A(t)dt ~ (e — s)A(<£2), which allows
training the LGCP by applying the Poisson likelihood within
the Gaussian Process framework.
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Inference

In case of non Gaussian likelihoods, the posterior is in-
tractable and approximation techniques are required. There
exist various methods to deal with calculating the poste-
rior. For classification we use Expectation Propagation (EP;
(Minka and Lafferty 2002)). In EP, the posterior is approx-
imated by a fully factorised distribution, where each com-
ponent is assumed to be an unnormalized Gaussian. The
parameters of the approximation are iteratively refined to
minimise Kullback-Leibler divergence between the true pos-
terior and the approximation. For Poisson regression and
LGCP we use Laplace approximation, which approximates
the posterior by a Gaussian distribution based on the first two
moments of the posterior. Both EP and Laplace approxima-
tions yield a Gaussian distribution, making the computations
of the posterior over f tractable.

Hyperparameter Learning

A standard approach to learning hyperparameters in the
Gaussian Processes framework is by finding the Type II
Maximum Likelihood Estimate on the training set via co-
ordinate descent. This requires finding gradients of the ker-
nel with respect to the hyperparameters %, where
0 = (0%, 03,1) or a subset thereof, depending on the choice
of kernel. Each time series kernel is a double summation
over pairs of posts, which makes the gradients straightfor-
ward to compute.

Experiments on Synthetic Data

We introduce a synthetic experimental setting where we
generate events with different temporal, textual and joint
temporal-textual characteristics. Our aim is to generate data
which is difficult to model using only time or text, but
to model the data well requires incorporation of informa-
tion about text occurrences over time. Below we introduce
the generative process we use to simulate the inputs for
events Xi, . .., X, (in the Supplementary Materials we pro-
vide more detailed information).

Each event x; is generated as a collection of posts, where
each post timestamp is drawn iid from a Beta distribution,
tt ~ Beta(a, 3;), and the text component is generated
by drawing each word index from a Geometric distribu-
tion, w}, ~ Geom (ci + (c§ — ¢})t?), from which a bag-of-
words vector representation is computed for each document
wi . The hyperparameters o, 3;, ¢}, ch differ across events
X;, albeit only slightly, which is achieved by drawing their
values from a global prior. The difficulty of discriminative
modeling from the events comes from small differences be-
tween the generative processes governing them.

We couple the generated events with response variables in
three different ways.

Regression: the response variable for event x; is set to y;
¢} —c5. We use a data set of 100 events with 20 posts each,
and evaluate using mean squared error (MSE).

Classification: each event is assigned a binary label y; €
{—,+}, and the text generating hyperparameters are tied
for events with the same label, i.e., ¢}, = c; where y; = a,



synthetic data

Ottawa+Ferguson

classification  regression  Poisson regression classification

(ACCT) (MSE)) (LLT) (ACCT)

mean - 0.16 = 0.08 -39.15 £ 8.18 -

majority  0.44 £ 0.04 - - 0.701 £+ 0.021
text 0.62+0.16 0.15+0.08 -39.46 +9.42 0.678 £ 0.025
time 0.44+0.04 0.15+£0.07 -39.40 + 8.21 0.740 +£ 0.015
text+time 0.57 £0.12  0.14 £ 0.07 -37.01 + 8.66 0.738 = 0.011
text o time  0.80 = 0.16  0.05 £ 0.03 -31.00 £+ 5.63 0.748 £ 0.009

Table 1: Results from the synthetic and rumour data experiments for a range of methods (mean = std dev), showing classification
accuracy, mean squared error for regression and Poisson log likelihood. In case of synthetic experiments, we ran 55 experiments
of each setting, taking 80% of events for training and 20% for testing. In case of the rumour classification experiment, the results

are averaged using five-fold cross validation.

for a € {—,+},a € {1,2}. For each label we generate
1000 posts, split into 50 events, and evaluate using pre-
dictive accuracy.

Poisson regression: similar to regression, each event has
different word generating parameters, and the response
variable is set to y; = max (1,1 + |10(c} — cb)]). We
generate 100 events of 20 posts each and evaluate using
the log likelihood (LL) under a Poisson likelihood with
parameter equal to predicted mean.

In the three leftmost columns of Table 1 we report results
from the three experiment settings. In all settings, text o time
yields excellent results, outperforming the other methods. In
contrast, the simpler kernels (text, time, text+time) did not
significantly improve over the mean or majority baseline.
This is because baseline kernels, and most importantly the
fusion kernel text+time, do not capture the differences be-
tween how the word distributions change over time, an im-
portant characteristic of events in our synthetic data.

In Figure 1 we analyze how the performance of the convo-
lution kernels changes as the parameter ¢ controlling the dif-
ference of text distributions across events changes (q is the
variance of noise perturbing the parameters ct, cb from the
common mean; see Supplementary Materials for more infor-
mation about this parameter). Notice that as text marginally
differs more across events — due to high variance in appro-
priate component of generative process — the kernels us-
ing text or time only become more and more effective. We
observed similar phenomenon when varying the temporal
noise term (r), and comparing with the performance of other
baseline kernels, i.e., time and text o time. Therefore, the
text o time kernel is particularly useful when the differences
across events can be found in the temporal variations of text,
and are not particularly strong in text or time alone.

Experiments on Social Media Data
We now consider evaluation of our approach on two social

media datasets. The two tasks we consider are related to ru-
mour popularity modeling.
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accuracy

02 0.4 0.6 0.8

Figure 1: Comparison of accuracy between convolution ker-
nels, showing performance of kernels text o time (blue cir-
cles) and text (green crosses) in the synthetic experiments.
The plot shows the accuracy as the parameter q controlling
the differences across text distributions varies, thus changing
the amount of signal in text.

Data

We conduct experiments on two social media datasets. The
first dataset consists of 114 popular rumours collected in Au-
gust 2014 during the Ferguson unrest and is composed of
4098 tweets. This dataset has been used by Lukasik, Cohn,
and Bontcheva (2015) for rumour dynamics modeling. We
will show how the introduced convolution kernels outper-
form the state of the art approaches from their work.

We also consider a second dataset consisting of tweets
collected October 2014 during Ottawa shootings and in Au-
gust 2014 during the Ferguson unrest (Zubiaga et al. 2015).
The corpus consists of 288 Ferguson rumours and 470 Ot-
tawa rumours, and is composed of 13,002 tweets.

For both datasets, in order to reduce feature sparsity, we
replace words with their Brown cluster ids. We used 1000
clusters acquired on a large Twitter corpus (Owoputi et
al. 2013), following Lukasik, Cohn, and Bontcheva (2015),
whose method we use for benchmarking our results.

Rumour Modeling with Point Processes

The first task is rumour dynamics modeling, introduced by
Lukasik, Cohn, and Bontcheva (2015). Consider a set of ru-
mours {x;}, in which each rumour is represented by a set
of posts x; = {p%}. The problem is as follows: given the



MSE LL

HPP 7.14£10.1 -23.54+10.1
GP regression 4.58+11.0 -34.6+8.78
Interpolate 4.90+£13.1 -

0 2.76+7.81 -
LGCP 3444999 -15.8+11.6
LGCP ICM 2.46+7.82 -14.8+11.2
LGCP TXT 2.3247.06 -14.749.12
LGCP ICM+TXT 2.31£7.80 -14.6+10.8
LGCP texto time  2.22+7.12 -14.24+8.7

Table 2: MSE between the true counts and the predicted
counts (lower is better) and predictive log likelihood of
the true counts from probabilistic models (higher is better)
for test intervals over the 114 Ferguson rumours, showing
mean =+ std. dev. All except the final result are taken from
(Lukasik, Cohn, and Bontcheva 2015).

first hour of posts from a rumour x;, predict the counts of
tweets in each of the 6-minutes intervals from the second
hour. The predictions are evaluated using two metrics: mean
squared error (MSE) over each test interval, and the predic-
tive log-likelihood (LL), used for probabilistic approaches
only. Evaluation is run in a leave one out manner, where the
prediction is made for each rumour, using the first hour of
tweets from the rumour as well as (depending on a method)
full two hours of tweets for the remaining 113 rumours.

We reproduce several baselines from (Lukasik, Cohn, and
Bontcheva 2015): Homogenous Poisson Process (denoted
HPP), Gaussian Process regression (GP), Interpolation and
a ‘predict no tweets’ method (0), all of which are single
task methods. The state of the art benchmark methods are
based on log-Gaussian Cox Processes. The first approach
uses an RBF kernel to independently model each target ru-
mour (denoted LGCP). The remaining methods use multi-
task learning over the collections of rumours, using an RBF
kernel across time intervals combined in a product with a ru-
mour kernel. The rumour kernel uses the rumour text (TXT)
and/or explicit learning of a low-rank matrix of rumour cor-
relations (ICM). For more information about these methods,
we refer the reader to (Lukasik, Cohn, and Bontcheva 2015).

We report the results on the 114 Ferguson rumours in
Table 2, the same dataset as originally used by Lukasik,
Cohn, and Bontcheva (2015). The previous state of the art
model was LGCP ICM+TXT and is outperformed by LGCP
text o time under both evaluation criteria. Notice how for
both metrics the predictive variance is equal to or smaller
than the best benchmark results. Thus LGCP text o time not
only outperforms the previous best method, but also yields
more robust predictions.

Rumour Classification

The second problem is about predicting whether a rumour
will be popular, framed as classification. This case study is
applicable when authorities or journalists wish to track so-
cial media, e.g. for identifying rumours that are going to be-
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Figure 2: Error analysis versus event lengths (counts of posts
in their first hour) for the rumour classification experiment.
Showing the probability of error for all events of that length
using the GP with the text o time kernel.

come popular. Here we use the rumour dataset consisting of
470 Ottawa and 288 Ferguson rumours. As with the earlier
rumour dataset, we consider a set of rumours and based on
the first hour of posts from rumour x;, the task is to predict
if the number of posts in the second hour equals or exceeds
a threshold 7. This results in a binary classification problem,
in which we predict which rumours are likely to become or
remain popular. For most events we observe a rapid decrease
in the counts of posts over time: the mean of number of posts
in the first hour is 11.08, and only 1.91 in the second hour.
For this reason we set the threshold to 7 = 2, which results
in around 30% of events being labelled as positive instances.

We model the data using supervised GP classification, and
evaluate the predictive accuracy with 5-fold cross validation,
reporting our results in the rightmost column of Table 1. The
best accuracy is achieved for the kernel text o time, achiev-
ing the score of 0.748. Although this is a small improvement
over the mean prediction from the time kernel, notice that
the results were much more robust than the other methods
(text o time kernel has by far the lowest standard deviation).
Overall this is a very difficult modeling problem, although
our methods were able to improve over the majority base-
line with the best method providing a relative error reduc-
tion of 16%. We also notice, that kernel text+time performs
worse than text o time, reinforcing our statements from syn-
thetic experiments section that it is a less powerful method
in capturing the dynamics of multivariate time series.

Next, we inspect how errors vary across event lengths
for the text o time kernel. In Figure 2 we plot points cor-
responding to events of appropriate size and probability of
being assigned a wrong class according to the GP output.
Note that there are consistently more events correctly ver-
sus incorrectly classified across all event sizes. Even though
there is a group of wrongly predicted events of small sizes
(upper-left part), there are many more small events that are
correctly classified (lower-left part). Surprisingly even short
events are overall predicted well, which is a big achievement
due to the fact that little data is available for them. On close
inspection we found that the text o time kernel shows the
greatest improvements over time kernel for shorter events,
where presumably text brings much needed information.

Conclusions

In this work we introduced convolution kernels for discrim-
inative modeling from continuous time series of text. We



evaluated the kernels on synthetic data, where we demon-
strated intuitive examples where one can expect the kernels
to perform well. We also evaluated the kernels on two ru-
mour popularity modeling problems, namely rumour mod-
eling via point processes and rumour popularity classifica-
tion, and showed how time series convolution kernels out-
perform the strong baselines. Our proposed convolution ker-
nel can be used in many other potential applications involv-
ing discriminative modelling over textual time series, such
as activity prediction of social media users or event detec-
tion in Twitter.
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