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a b s t r a c t

Traffic forecasting is crucial for policy making in the transport sector. Recently, Selby and Kockelman
(2013) have proposed spatial interpolation techniques as suitable tools to forecast traffic at different
locations. In this paper, we argue that an eventual source of uncertainty over those forecasts derives from
temporal aggregation. However, we prove that the spatio-temporal correlation function is robust to
temporal aggregations schemes when the covariance of traffic in different locations is separable in space
and time. We prove empirically this result by conducting an extensive simulation study on the spatial
structure of the Milan road network.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Decision making about transport planning and investment pro-
jects depends on traffic forecasting and its reliability. Recently,
Selby and Kockelman (2013) and Wang and Kockelman (2009)
have proposed the use of spatial interpolation techniques to obtain
spatio-temporal predictions of traffic, with specific reference to
Texas in terms of Annual Average Daily Traffic (i.e., an aggregate
measure of traffic intensity). In this paper, I argue that temporal
aggregation of traffic data may pose severe problems of estimation,
unless the covariance function is separable in space and time.

Data are, in fact, often aggregated with respect to the
data-generating process (Marcellino, 1999). Many researchers
have considered temporal aggregation in time-series models
(Granger, 1993; Lutkepohl, 1987; Marcellino, 1999; Wei, 1982).
As for spatio-temporal models, Giacomini and Granger (2004) have
compared the relative forecasting efficiency of different methods
after aggregating over space and by using small sample simula-
tions. They found that better results can be obtained by imposing
a priori constraints on the cross-section dependence of observation
units in vector autoregressions. Similarly, Percoco (2007) has stud-
ied the forecasting performance of the space–time autoregressive
model under temporal aggregation.

In this paper, some issues related to the approach proposed by
Selby and Kockelman (2013) and Wang and Kockelman (2009) are
proposed by studying the robustness of the spatio-temporal corre-
lation function of traffic time series in different locations under

temporal aggregation schemes. In particular, the paper presents a
relatively simple implication of predicting Annual Average Daily
Traffic (AADT) from aggregated data when the covariance is not
separable. As such, the contribution of the paper should not be
found in a new estimation procedure, but as a discussion of
the implication of the intuition of Selby and Kockelman (2013).
The research found that it does not depend on temporal aggrega-
tion only if it is separable. Results are confirmed by an extensive
simulation study over the Milan, Italy, road network. The paper
is organised as follows. In Section 2, basic definitions are presented,
followed in Section 3 by the main results. A simulation study is
offered in Section 4, and Section 5 presents conclusions.

2. Assumptions and related concepts

Let us assume a spatio-temporal stochastic process of traffic
generation in the form, fYðu; tÞ; u 2 Ds; t 2 Dtg evolving through
the spatiotemporal index Ds � Dt . Let T be a time aggregation
scheme,1 then it is possible to define the integral process2 as

XTðu; tÞ ¼
Z tþT

2

t�T
2

Yðu; tÞds ð1Þ
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1 A temporal aggregation scheme is an aggregation rule over the time. In the case of
AADT, it is the average daily traffic over a year period. In the case of the integral
process in (1), the aggregation rule is the sum (integral).

2 The results in this paper are derived by considering an integral process, however,
they hold also for the mean intensity process, such as the Annual Average Daily
Traffic, since one is a scaled version of the other.
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Let us also assume that process fYðu; tÞg is stationary in space and
time and that, without loss of generality, Ds � R2. Under the
assumption of temporal stationarity3 (at least of the second order),
the covariance of process (1) measured at locations u1 and u2 at time
t1 and t2 can be expressed as:

covðu1;u2; jt1 � t2jÞ ¼ rðu1Þrðu2Þrðu1;u2; jt1 � t2jÞ ð2Þ

where rðu1Þ;rðu2Þ are the standard deviation at locations u1 and u2

and rðu1; u2; jt1 � t2jÞ is the spatio-temporal correlation function. In
accordance with Cressie and Wikle (2011), the following definition
is introduced:

Definition 1. The correlation function in (2) is separable if

covðu1;u2; jt1 � t2jÞ ¼ rðu1Þrðu2Þrdðju1 � u2jÞrtðjt1 � t2jÞ ð3Þ

where rt is the correlation function over time and rd is the correla-
tion function over space.

As primarily argued by Dalezios and Adamowski (1995), the
identification of a spatio-temporal dynamic model in terms of
spatial and temporal lags can be conducted by estimating a
space–time autocorrelation function and a space–time partial
autocorrelation function. Interestingly enough, Di Giacinto (2010)
makes use of this approach to identify the lags in a space–time
vector autoregressive model. In what follows, I show that the
spatio-temporal correlation function is sensitive to aggregation
schemes when it is not separable.

More importantly, Selby and Kockelman (2013) and Wang and
Kockelman (2009) make use of kriging to predict traffic flows.
This spatial interpolation procedure (or set of procedures) is highly
dependent on the covariance function in (3) and the correlation
function in both the trend and the drift part of the traffic generat-
ing process, as shown in Cressie and Wikle (2011). In what follows,
I first prove that temporal aggregation may pose some problems in
the correlation function, and then in kriging predictions.

3. Results

In this section I show that if the covariance function of traffic
flows is separable, then it is robust to temporal aggregation
schemes. Furthermore the analysis shows that if the covariance
is not separable, then temporal aggregation imposes a bias in the
correlation function.

Proposition 1. If the covariance of the traffic generating process
fYðu; tÞg is separable, then the spatio-temporal correlation function is
robust to temporal aggregation schemes.

Proof. Let us consider the correlation function of traffic flows
at two spatial locations, at two points in time t and t + s and
under the same time aggregation window T. Setting
CTð0Þ ¼Þ

RR
rtðjl� ajÞdlda with s = 0, the covariance of the integral

process at points u1, u2 can be expressed as

covTðu1;u2; t; tÞ ¼ rðu1Þrðu2Þrdðju1 � u2jÞCTð0Þ ð4Þ

The corresponding correlation coefficient of the integral process
fXTðu; tÞg at aggregation level T is defined as:

rTðu1;u2; t; tÞ ¼
covTðu1;u2; t; tÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

covTðu1;u1; t; tÞcovTðu2;u2; t; tÞ
p

and if the assumption of separability holds then:

rT ¼
rðu1Þrðu2Þrdðju1 � u2jÞCTð0Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2ðu1ÞCTð0Þr2ðu2ÞCTð0Þ
p

Finally, we have:

rT ¼ rdðju1 � u2jÞ � ð5Þ

The result in (5) implies that if the correlation function of the
traffic-generating process fYðu; tÞg can be separated into a product
of the correlation function, depending only on inter-observation
points distance ju1 � u2j and the correlation function depending
only on time interval, jt1 � t2j then the correlation coefficient rT

of the integral process does not depend on the time aggregation
scale T.4 Let us now turn our attention to the proof that if the covari-
ance is not separable then the correlation function of traffic flows
depends on temporal aggregation.

Lemma 1. If the covariance of the process fYðu; tÞ; u 2 Ds; t 2 Dtg is
not separable, then the spatio-temporal correlation function depends
on temporal aggregation schemes.

Proof. Let us consider the correlation coefficients at two different
spatial points u1, u2 of time t, and t + s, the covariance can be
obtained as

covTðu1;u2; t; t þ sÞ ¼ E
Z tþT

2

t�T
2

½Xðu1;lÞ �mðu1Þ�dl
(

�
Z tþsþT

2

tþs�T
2

½Xðu2;lÞ �mðu2Þ�da

)

¼ rðu1Þrðu2Þ;
ZZ

rðju1 � u2j; jl� ajÞdlda

That is:

covTðu1;u2; t; t þ sÞ ¼ rðu1Þrðu2ÞC0Tðd; sÞ

where C0Tðd; sÞ ¼
RR

rðju1 � u2Þj; jl� ajÞdlda m is the mean at loca-
tions u1 and u2 and E[.] denotes the expected value. The correspond-
ing correlation coefficient of the same process under aggregation
scheme T can be written as:

rTðd; sÞ ¼
covTðu1;u2; t; t þ sÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

covTðu1;u1; t; tÞcovTðu2;u2; t þ s; t þ sÞ
p

If the correlation function is not separable, then:

rTðd; sÞ ¼
rðu1Þrðu2ÞC0Tðd; sÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2ðu1ÞCTð0; 0Þr2ðu2ÞCTð0; 0Þ
p

i.e., rT ¼ C0T ðd;sÞ
CT ð0;0Þ

where C0Tð0;0Þ ¼ CTð0Þ and then rT ¼ C0T ðd;sÞ
CT ð0Þ

. In

other words, if the covariance of the process is not separable, then
the correlation function depends on temporal aggregation.
Furthermore, it can be shown that both spatial and temporal
autocorrelation functions depend on temporal aggregation when
the covariance is not separable. To this end, let us consider the
covariance at point u and time t; t þ s:

covTðu; t; t þ sÞ ¼ r2ðuÞCTðsÞ

In this case, we have C0Tð0; sÞ ¼ CTðsÞ and the corresponding
correlation coefficient is:

3 A process fYðu; tÞg is stationary if for any couple of points in space and time
(u1, u2) and (t1, t2) its covariance function can be written as, covðju1 � u2j; jt1 � t2jÞ
where the first argument stands for a distance measure.

4 As it can be noted, the sole assumption needed for the derivation of the above
results is the required stationarity in time. In fact, the relations developed for the
covariance of the process fYðu; tÞg and that of the integral process require the
hypothesis of stationarity to hold at least on the interval ½t � T

2 ; t þ sþ T
2�.
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