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A spatial cross-correlation is a measure of the 
interaction of one local variable on another
variable of the surrounding regions. In
regional economics, the observed variables
are mostly dynamic over time. When the time
dimension is accommodated using spatial
panel data, the time dependence can be
addressed properly. Therefore, this study
aims to formulate a dynamic time-dependent
spatial cross-correlation index based on 
spatial panel data. The conducted simulation
study shows the good performance of the
measure. It also performs well in measuring
the spatial cross-correlation between regional 
GDP growth and the percentage of urban
population of the 38 East Java regencies/
municipalities. 
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Introduction 

In the context of regional economic analysis, spatial data are a set of observed values 
of geographically referenced regional economic indicators (e.g., economic growth, 
population density). The indicators commonly have spatial interaction, which is 
measured by spatial correlation. Statistically, the degree of relationship between an 
observed variable in a region and observations of the same variable in its surrounding 
regions is defined as spatial autocorrelation. Several indices, such as Moran’s I and 
Geary’s C, are used to measure spatial autocorrelation (Anselin 2017, Duran–
Karahasan 2022). In the modelling process, the significance of the spatial 
autocorrelation indicates the need to accommodate a spatial lag of the dependent 
variable in the model. 

On the other hand, Chen (2015) defines the relationship degree between an 
observed variable (X) in a region and observations of another variable (Y) in its 
surrounding regions as a spatial cross-correlation. The significance of the spatial 
cross-correlation indicates a strong relationship between the local value of X and the 
neighbourhood values of Y or vice versa. When it is plausible to assume a causal 
relationship, this situation leads to the choice of a model with a spatial lag of the 
independent variable. 

The concept of spatial cross-correlation has been mentioned in several studies 
(Cheng et al. 2020, Duffy–Hughes-Clarke 2005, Loth–Baker 2013, Lamb et al. 2014). 
These studies are mainly in the field of geospatial science. In Loth–Baker (2013) and 
Cheng et al. (2020), spatial cross-correlation is used to measure the degree of similarity 
between certain characteristics observed in two locations that are ℎ unit distances 
apart at two different points in time. The first study focuses more on the measure, 
whereas the latter uses the measure to model the spectral elastic input energy of 
ground motions. In addition to measuring the degree of similarity, Duffy–Hughes-
Clarke (2005) apply the spatial cross-correlation technique to determine two locations 
with similar spatial datasets. 

A correlation between two time series is known as a cross-correlation. In Arianos–
Carbone (2009), it is defined as a function of time lag 𝜏. Therefore, the cross-
correlation measures the correlation between 𝑋ሺ𝑡ሻ and 𝑌ሺ𝑡 + 𝜏ሻ. The concept that is 
used in Chen (2015), as well as in this study, is analogous to the time series cross-
correlation measure. Specifically, when it is applied for two distinct spatial variables, 
the time index is substituted by the location index, and the time lag is replaced by the 
spatial lag. However, Chen’s (2015) spatial cross-correlation index is calculated based 
on a set of spatial data observed at one time period. Since the spatial interaction of 
several regional economic indicators exhibits a time dynamic interdependence, the 
index must accommodate the time dynamic and be calculated based on a set of spatial 
panel data. 

Several studies (Henderson 2003, Abdel-Rahman et al. 2006, Hong et al. 2021, 
Liddle–Messinis 2013) have addressed the potential correlation between economic 
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growth and urbanization indicators (e.g., degree of urban concentration, urban 
population, or urban primacy) in the absence of spatial and time dependence. Chen 
et al. (2014) note the similar spatial pattern of regional expansion and economic 
growth, which indicates the spatial interaction between regions in terms of those two 
variables. When a set of panel data is used, Abdel-Rahman et al. (2006) or Henderson 
(2003) show the dynamic relation between those two variables. Therefore, with the 
construction of this new index, using a set of spatial panel data, time-dependent 
spatial cross-correlation between economic growth and urbanization can be 
measured. 

The objective of this study is to develop a time-dependent spatial cross-correlation 
index to measure the time-dependent spatial interaction between two sets of spatial 
panel data. A simulation study is conducted to analyse the performance of the 
developed index. The index is then used to study the nature of the time-dependent 
spatial interaction between regional GDP growth and the percentage of the urban 
population of 38 East Java regencies/municipalities during 2014–2019. The result 
provides a different insight into the interaction between economic growth and 
urbanization, which can be applied to another region with similar characteristics. 

Materials and methods 

This section begins with an explanation of the proposed index, a description of the 
data and the study area, and the setting of the simulation study. 

Spatial cross-correlation index for time-dependent spatial panel data 

In this study, several modifications of Chen’s (2015) spatial cross-correlation index 
are made to adjust for the spatial panel data setting. The index was originally 
developed for a set of spatial data. 

The first modification is for the data vector. Two vectors representing the spatial 
panel data for variables 𝑋 and 𝑌 observed in each of 𝑁 spatial units during 𝑇 time 
periods are defined as: 𝑿 = ሾ𝑋ଵଵ … 𝑋ேଵ … 𝑋ଵ் … 𝑋ே்ሿ் (1) 𝒀 = ሾ𝑌ଵଵ … 𝑌ேଵ … 𝑌ଵ் … 𝑌ே்ሿ் (2) 
respectively. Following the definition in Chen (2015), the standardized vectors are 
used to maintain the property of correlation index value (between –1 to 1). The 
standardized panel data vectors are defined here as: 𝒙 = ሾ𝑥ଵଵ … 𝑥ேଵ … 𝑥ଵ் … 𝑥ே்ሿ் (3) 𝒚 = ሾ𝑦ଵଵ … 𝑦ேଵ … 𝑦ଵ் … 𝑦ே்ሿ் (4) 
in which the elements of each vector are: 𝑥௜௧ = 𝑋௜௧ − 𝑋ത.௧𝑆.௧௑  

   (5) 
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𝑦௜௧ = 𝑌௜௧ − 𝑌ത.௧𝑆.௧௒  
(6) 𝑖 = 1, … ,𝑁, 𝑡 = 1, … ,𝑇 

In    (5) and (6), the average over all spatial units is obtained for each period, 
t = 1,…,T, according to the following definitions: 𝑋ത.௧ = 1𝑁෍𝑋௜௧ே

௜ୀଵ  
     (7) 𝑌ത.௧ = 1𝑁෍𝑌௜௧ே

௜ୀଵ  
(8) 

for variables X and Y, respectively. In    (5) and (6), the standard deviation over all 
spatial units is also obtained for each period, t = 1,…,T, according to the following 
definitions: 

𝑆.௧௑ = ඩ 1𝑁 − 1෍ሺ𝑋௜௧ − 𝑋ത.௧ሻଶே
௜ୀଵ  

 (9) 

𝑆.௧௒ = ඩ 1𝑁 − 1෍ሺ𝑌௜௧ − 𝑌ത.௧ሻଶே
௜ୀଵ  

 (10) 
for variables 𝑋 and 𝑌, respectively. It can be shown that: ‖𝒙‖ = 𝒙்𝒙 = 𝑇ሺ𝑁 − 1ሻ  (11) 
and ‖𝒚‖ = 𝒚்𝒚 = 𝑇ሺ𝑁 − 1ሻ  (12) 

The second modification is for the spatial weight matrix. This study uses the space 
time weight matrix, which is similar to the one defined in Wang–Lam (2020) and 
Fitriani et al. (2022). The weight is defined by assuming that a variable observed in 
location 𝑖, 𝑖 = 1, … ,𝑁 at time 𝑡, ሺ𝑋௜௧ሻ depends on another variable observed at the 
neighbouring locations at the same time (𝑌௝௧ , 𝑗 ≠ 𝑖, 𝑗 ∈ Neighbouring of 𝑖, 𝑖 = 1, … ,𝑁) 
and the neighbouring locations observed at 't , previous or future period (𝑌௝௧ᇱ, 𝑗 ≠𝑖, 𝑗 ∈ Neighbouring of 𝑖, 𝑖 = 1, … ,𝑁). 

The space-time weight matrix is defined as: 𝑽 = 𝑾் ⊗𝑾ௌ + 𝑰் ⊗𝑾ௌ  (13) 
in which: 𝑾ௌ: an 𝑁 × 𝑁 positive and symmetric matrix, with positive nonzero elements that 
indicate whether the two locations are neighbours. The following definition is 
commonly used: 𝑤௜௝ = ൜1, if 𝑖 and 𝑗 are neighbours0, otherwise                      

  (14) 𝑖, 𝑗 = 1, … ,𝑁 
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Since a location cannot be its own neighbour, 𝑾ௌ has zero elements of its 
diagonal, and the symmetric property implies that 𝑤௜௝ = 𝑤௝௜ . The nature of 
interaction, i.e., attraction or repulsion forces between neighbours, depends on the 
assumed spatial autocorrelation. The first type is due to positive spatial 
autocorrelation such that neighbours have similar characteristics, whereas the latter is 
for negative spatial autocorrelation, which is indicated by dissimilar characteristics 
among neighbours. 𝑾்: an 𝑇 × 𝑇 time weight matrix, with the elements: 𝑡௜௝ = 0, for 𝑖 = 𝑗, 𝑖, 𝑗 = 1, … ,𝑇 𝑡௜௝ = ቊ1, if ห𝑡௜ − 𝑡௝ห ൑ 𝑡𝑟𝑒𝑠0, if ห𝑡௜ − 𝑡௝ห ൐ 𝑡𝑟𝑒𝑠 ,  

for 𝑖 ≠ 𝑗, , 1, ,i j T   (15) 𝑡௜ is the occurrence of the -th observation, 𝑡௝ is the occurrence of the j-th observation, 
and 𝑡𝑟𝑒𝑠 is the time duration threshold (𝑡𝑟𝑒𝑠 = 1,2,3, … ,𝑇), in which two 
observations with 𝑡𝑟𝑒𝑠 time units apart still affect each other. The assumption 
regarding the choice of 𝑡𝑟𝑒𝑠 depends on the nature of the observations. By definition, 𝑾் has 0 on the main diagonal. 𝑰ௌ: an 𝑁 × 𝑁 identity matrix. 

To maintain the property of the correlation index value (between –1 and 1), the 
space-time weight matrix in  (13) needs to be unitized such that:   𝑉௨ = 1𝑔 ൣ𝑉௜௝൧ே்×ே் 

𝑔 = ෍෍𝑉௜௝ே்
௝ୀଵ

ே்
௜ୀଵ  

(16) 

Similar to the interpretation of a spatial lag variable (e.g., 𝑾𝒀, with row-
normalized spatial weight matrix 𝑾), as the average value of variable 𝒀 in the 
neighbouring locations, 𝑽௨𝒀 can be interpreted as a weighted effect of the current, 
previous and future periods of 𝒀 in the neighbouring regions. 

The spatial cross-correlation index for time-dependent spatial panel data is then 
defined as: 𝑅௖ = 𝒙்𝑽௨𝒚 = 𝒚்𝑽௨𝒙 (17) 
using the standardized spatial panel data vectors (in (3) and (4)) and the space-time 
weight matrix (in (16)). The index defined in (17) can be rearranged as follows: 𝒙்𝑽௨𝒚𝒙 = 𝑅௖𝒙 𝒙்𝒙𝑽௨𝒚 = 𝑅௖𝒙 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒚 = 𝑅௖𝒙 

(18) 

where 𝑅௖ is the slope of the trend line with 𝒙 on the horizontal axis and 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒚 
on the vertical axis. Alternatively, the index defined (17) can also be rearranged as: 
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𝒚்𝑽௨𝒙𝒚 = 𝑅௖𝒚 𝒚்𝒚𝑽௨𝒙 = 𝑅௖𝒚 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒙 = 𝑅௖𝒚 
(19) 

in which 𝑅௖ is the slope of the line between y in the horizontal axis and 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒙 
in the vertical axis. Furthermore, it can also be shown mathematically that 𝑅௖ is the 
least square estimator of the slope of regression between xand 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒚 without 
intercept: 𝑅௖ = 𝒙்𝑇ሺ𝑁 − 1ሻ𝑽௨𝒚𝒙்𝒙  = 𝒙்𝑇ሺ𝑁 − 1ሻ𝑽௨𝒚𝑇ሺ𝑁 − 1ሻ  = 𝒙்𝑽௨𝒚 

(20) 

or it is the least square estimator of the slope of regression betweeny and 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒙 without intercept: 𝑅௖ = 𝒚்𝑇ሺ𝑁 − 1ሻ𝑽௨𝒙𝒚்𝒚  = 𝒚்𝑇ሺ𝑁 − 1ሻ𝑽௨𝒙𝑇ሺ𝑁 − 1ሻ  = 𝒚்𝑽௨𝒙 

(21) 

In (20), it is assumed that the change in 𝒙 leads to the change in 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒚. 
The opposite holds for (21), in which the change in 𝒚 is assumed to be the cause of 
the change in 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒙. Thus, even though the calculation of the spatial cross-
correlation index does not require a causal relationship between the two variables, 
different expressions of 𝑅௖ in (20) and (21) indicate that the index can be used to 
identify the causal relationship. As a measure of correlation, the change in both 
variables can be in the same direction (positive correlation) or in the opposite 
direction (negative correlation). Mathematically, whether 𝑋 or 𝑌 acts as the 
independent variable, the calculation leads to the same value of 𝑅௖. However, using 
regression analysis, each case yields a different coefficient of determination (𝑅ଶ). The 
regression with larger 𝑅ଶ is a better model. 

The new index is used further for inference purposes. It is used to test the null 
hypothesis of independence between the current-local X vs. the current-
neighbourhood Y as well as between the current X vs. the previous and the future 
neighbourhood Y. Analytically, the inference must be based on the theoretical 
distribution of the proposed index. Distribution of the index under the null 
hypothesis can be derived using the normality assumption or randomization. The first 
approach requires analytical derivations, which can be inappropriate when the 
normality assumption is violated. The second is based on a computational technique 
using permutation, which is more robust under nonnormality (Good 2013, Anselin 
et al. 2022). Since there is no guarantee that the normality assumption is satisfied, the 
distribution of the index in this study is derived using the second approach. Even 
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though the computational approach is considered a black box, it offers more 
advantages from a practical point of view. It is data driven and capable of handling 
large space-time datasets. 

The permutation inference has been an alternative for obtaining the distribution 
of any statistics (Good 2013, Wheeler–Torchiano 2010, Pesarin–Salmaso 2010), 
which is used by several studies. Anselin et al. (2022) and Scrucca (2005) use the 
technique to obtain the distribution of Moran’s I. In those studies, the inference 
regarding spatial randomness is made based on the pseudo p value. The pseudo p 
value is calculated based on a reference distribution of the index under no spatial 
cross-correlation. No spatial cross-correlation or spatially random cross-correlation 
means that the local value of X does not depend on the neighbourhood values of Y 
or vice versa. For that purpose, reshuffled datasets are created by randomly permuting 
the observed values of variable ሺ𝑋ሻ over the locations. The index is then calculated 
for each dataset. Following the definition in Anselin (1995, 2001), the pseudo p value 
is defined as: 

 𝑝 = 𝑅 + 1𝑀 + 1 (22) 
in which R is the frequency of the computed index from the permuted datasets, which 
are equal to or more than the absolute value of the observed index from the original 
dataset, and M is the number of permutations. M is usually set as 99, 999, etc. 

Data and study area 

East Java is one of the provinces in Indonesia, consisting of 38 regencies/ 
municipalities. It is the main interest of this study because of its significant 
contribution to national economic growth (Fitriani et al. 2020, Solihin et al. 2021). 
From 2015–2019, the province had 9.6% economic growth on average, which is 
above the national growth (9.3%) (BPS 2021). The map of the administrative regions 
of the regencies/municipalities of the province is depicted in Figure 1. 

The yearly (2014–2019) economic growth and percentage of urban population at 
the regency/municipality level are used. They are defined as: 𝑋௜௧: GDP growth of regency/municipality 𝑖 at year 𝑡 and 𝑌௜௧: Percentage of urban population of regency/municipality 𝑖 at year 𝑡, 𝑖 = 1, … , 38, 𝑡 = 2014, … ,2019. 

Both are secondary data provided by Indonesian Statistics Biro (Badan Pusat 
Statistik). Fitriani et al. (2023) showed the dynamics and spatial pattern of a region’s 
economic growth. 
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Figure 1  
Map of East Java’s 38 regencies/municipalities 

 

Simulation study 

In this simulation study, it is assumed that two observations with one unit time lag 
have the strongest interaction, such that in (13) 𝑡𝑟𝑒𝑠 = 1. 

The data generating setting 

For data generating purposes, at time 𝑡, the following relations are assumed between 
two sets of spatial data, defined in 𝑛 × 1 vectors of 𝑿௧ and 𝒀௧: 𝐸ሺ𝒀௧ሻ = 𝝁𝒀೟ , 𝑣𝑎𝑟ሺ𝒀௧ሻ = 𝑣𝑎𝑟ሺ𝜺ሻ = 𝚺 = 𝜎ଶ𝑰௡ 𝑿௧ = 𝜌𝑾𝒀௧, 𝐸ሺ𝑿௧ሻ = 𝜌𝑾𝐸ሺ𝒀௧ሻ, 𝑣𝑎𝑟ሺ𝑿௧ሻ = 𝚺௑ = 𝜌ଶ𝑾𝑣𝑎𝑟ሺ𝒀௧ሻ𝑾𝑻 = 𝜌ଶ𝜎ଶ𝑾𝑾𝑻. 

In those relations, 𝜎ଶ is a parameter of variance, 𝜌 is a parameter of spatial 
dependency, and 𝑾 is a spatial weight matrix. These assumptions are used to generate 
vectors of 𝑿௧ and 𝒀௧. The time dependence characteristic, however, needs to be 
accommodated in the data generation setting by defining the relation between 𝑡 − 1 
and t. Furthermore, several inputs are needed, namely: 𝝁௒బ : an initial 𝑛 × 1 vector of mean of the first variable, which is defined from a 
variable of any secondary regional dataset. 𝜎ଶ = 𝑘 × 𝑆ଶ : a variance parameter, in which 𝑘 is the scale parameter of accuracy, 
and 𝑆ଶ is the empirical variance of the secondary data used to define the mean vector. 

In this study, the 2014 GDP growth of the 38 East Java regencies/municipalities 
(𝐺𝐺𝐷𝑃ଵ, … ,𝐺𝐺𝐷𝑃௡,𝑛 = 38) is used to define 𝝁௒బ, and the variance of 𝐺𝐺𝐷𝑃ଵ, … ,𝐺𝐺𝐷𝑃௡,𝑛 = 38 is used to define 𝑆ଶ. The spatial configuration of the 38 
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East Java regencies/municipalities is used to define the spatial weight matrix 𝑾 based 
on the queen contiguity concept. 
For the initial time, 𝑡 = 0, the following relations hold: 𝒀଴~𝑁௡൫𝝁௒బ ,𝚺൯  𝑿଴஺~𝑁௡൫𝝁௑బ ,𝚺ଡ଼൯, 𝝁௑బ = 𝜌𝑾𝒀଴, 𝜺଴~𝑁௡ሺ0,𝚺ሻ, and 𝑿଴ = 𝑿଴஺ + 𝜺଴ 

For 𝑡 = 1,2, … ,𝑇, using the time autoregressive parameter 𝜙, the following 
relations hold: 𝒀௧~𝑁௡൫𝝁௒೟ ,𝚺൯, 𝝁௒೟ = 𝜙𝝁௒೟షభ, 𝑿௧஺~𝑁௡൫𝝁௑೟ ,𝚺ଡ଼൯, 𝝁௑೟ = 𝜌𝑾𝒀௧, 𝜺௧~𝑁௡ሺ0,𝚺ሻ, 𝝁ఌ೟ = 𝜙𝝁ఌ೟షభ and 𝑿௧ = 𝑿௧஺ + 𝜺௧ 

In this study, 108 scenarios are used. They are combinations of several values of 
parameters 𝜌,𝜙 and 𝑘: 𝜌 = −0.9,−0.5,−0.1,0.1,0.5,0.9,𝜙 = −0.9,−0.5,−0.1,0.1,0.5,0.9,𝑘 = 2,1,0.5 

A smaller k leads to a more accurate relation between 𝑿 and 𝒀. The spatial panel 
data are generated for 12 periods (𝑇 = 12). The range of parameter values ensures 
that the generated 𝑿 and 𝒀 have both negative and positive time-dependent spatial 
cross-correlation. 

Results and discussion 

Properties of the modified time-dependent spatial cross-correlation index 

The properties of 𝑅௖ can be derived based on several types of space-time 
interdependence, which defines the space-time weight matrix in  (12). Without losing 
generality, in this part, the space-time weight matrix is defined specifically by assuming 
that the strongest interaction is observed between two observations with 1 time unit 
apart. 

(i) In the presence of time and spatial dependence, the space-time weight 
matrix is defined as: 𝑽 = 𝑾் ⊗ 𝑰ே + 𝑰் ⊗ 𝑰ே 

=
⎣⎢⎢
⎢⎢⎢
⎡ 0 𝑰ே 0 0 … 0 0𝑰ே 0 𝑰ே 0 … 0 00 𝑰ே 0 𝑰ே … 0 00 0 𝑰ே 0 … 0 0⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮0 0 0 0 … 0 𝑰ே0 0 0 0 … 𝑰ே 0 ⎦⎥⎥

⎥⎥⎥
⎤

+
⎣⎢⎢
⎢⎢⎢
⎡𝑰𝑵 0 0 0 … 0 00 𝑰ே 0 0 … 0 00 0 𝑰𝑵 0 … 0 00 0 0 𝑰𝑵 … 0 0⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮0 0 0 0 … 0 00 0 0 0 … 0 𝑰𝑵⎦⎥⎥

⎥⎥⎥
⎤
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By setting 𝑘 = ∑ ∑ 𝑤்,௜௝௝்ୀଵ௜்ୀଵ , 𝑇 = ∑ ∑ 𝐼்,௜௝௝்ୀଵ௜்ୀଵ , and 𝑁 = ∑ ∑ 𝐼ே,௜௝௜்ୀଵ௜்ୀଵ , the 
unitized space-time weight matrix can be defined as: 𝑽௨ = 1ሺ𝑘 + 𝑇ሻ ൣ𝑉௜௝൧ே்×ே் 

Using the defined space-time weight matrix, the spatial cross-correlation index can 
be elaborated as: 𝑅௖ = 𝒙𝑻𝑽௨𝒚 = 1ሺ𝑘 + 𝑇ሻ𝑁 ሺ𝒙்ሺ𝑾் ⊗ 𝑰ேሻ𝒚 + 𝒙்ሺ𝑰் ⊗ 𝑰ேሻ𝒚ሻ 
which is the weighted sum of two components: 1) correlation between 𝑥௧ vs. 𝑦௧ିଵ 
and 𝑥௧ vs. 𝑦௧ାଵ and 2) the panel version of correlation between 𝑥௧ vs.𝑦௧ 

(ii) In the presence of spatial dependence with no time dependence, the 
space-time weight matrix is defined as follows: 

𝑽 = 𝑰் ⊗𝑾ௌ = ൦𝑾ௌ 0 … 00 𝑾ௌ … 0⋮ ⋮ ⋱ 00 0 … 𝑾ௌ൪ 
By setting 𝑠 = ∑ ∑ 𝑤ௌ,௜௝ே௜ୀଵே௜ୀଵ , the unitized space-time weight matrix is defined as 𝑽௨ = 1𝑠𝑇 ൣ𝑉௜௝൧ே்×ே் 

Using the defined space-time weight matrix, the spatial cross-correlation index is 
then elaborated such that: 𝑅௖ = 𝒙்𝑽௨𝒚 = 1𝑠𝑇 ሺ𝒙ଵ்𝑾௦𝒚ଵ + 𝒙ଶ்𝑾௦𝒚ଶ + ⋯+ 𝒙்்𝑾௦𝒚்ሻ 
in which 𝒙௧,𝒚௧ , 𝑡 = 1, … ,𝑇, are the vectors of variables observed at time t across 
locations. In this case, the index becomes the weighted sum Chen’s spatial cross-
correlation index for all t. 

(iii) When there is no time and no spatial dependence, the space-time weight 
matrix is defined as follows: 

𝑽 = 𝑰் ⊗ 𝑰ே = ൦𝑰ே 0 … 00 𝑰ே … 0⋮ ⋮ ⋱ 00 0 … 𝑰ே൪ 
and the unitized space-time weight matrix is defined as: 𝑽௨ = 1𝑁𝑇 ൣ𝑉௜௝൧ே்×ே் 

Accordingly, the spatial cross-correlation index becomes: 𝑅௖ = 𝒙்𝑽௨𝒚 = 1𝑁𝑇 ሺ𝒙ଵ்𝑰ே𝒚ଵ + 𝒙ଶ்𝑰ே𝒚ଶ + ⋯+ 𝒙்்𝑰ே𝒚்ሻ 
in which 𝒙௧,𝒚௧ , 𝑡 = 1, … ,𝑇, are the vectors of variables observed at time t across 
locations. The index becomes the weighted sum of Pearson correlation for all t. 
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In addition to the above properties, when the index is applied to the same variables 
without time dependence, the space-time weight matrix becomes: 

𝑽 = 𝑰் ⊗𝑾ௌ = ൦𝑾ௌ 0 … 00 𝑾ௌ … 0⋮ ⋮ ⋱ 00 0 … 𝑾ௌ൪ 
Using 𝑠 = ∑ ∑ 𝑤ௌ,௜௝ே௝ୀଵே௜ୀଵ , the unitized space-time weight matrix is defined as: 𝑽௨ = 1𝑠𝑇 ൣ𝑉௜௝൧ே்×ே் 

Consequently, the index can be represented as: 𝑹௖ = 𝒙்𝑽௨𝒙 = ଵே் ሺ𝒙ଵ்𝑾௦𝒙ଵ + 𝒙ଶ்𝑾௦𝒙ଶ + ⋯+ 𝒙்்𝑾௦𝒙்ሻ, 
the weighted sum of Moran’s index for all t. 

Pattern of generated data 

The nature of the spatial panel dataset produced by the data generation setting will be 
shown in the following section. Time series plots of 𝒀 for the first 4 locations are 
presented to visualize the time dynamics of 𝒀. The scatter plot between 
neighbourhood 𝒀 (𝑾𝒀) and local 𝑿 for the first four periods is used to describe the 
correlation between them. The plots are presented only for some scenarios 
(combinations between the values of 𝜌, 𝜙 and 𝑘). 

Combination of 𝜌 = 0.1,𝜙 = 0.1,𝑘 = 2 

This scenario represents the weakest positive space-time dependence and the least 
accurate relationship between 𝑿 and 𝒀. The time series plots for the generated 𝒀 are 
depicted in Figure 2. The plots indicate a slight time dependence. The scatter plots 
between the generated neighbourhood 𝒀 (𝑾𝒀) and local 𝑿 for the first four periods 
are depicted in Figure 3. Each plot shows no apparent trend. This is a plausible result 
due to the choice of parameter values. 
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Figure 2 
The time series of the generated  using a combination of 

 𝝆 = 𝟎.𝟏,𝝓 = 𝟎.𝟏,𝒌 = 𝟐 for the first four locations 
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Figure 3 
Scatter plots between the generated neighbourhood 𝒀 (𝑾𝒀) and local 𝑿 for  

the first four periods using a combination of 𝝆 = 𝟎.𝟏,𝝓 = 𝟎.𝟏,𝒌 = 𝟐 

 

Combination of 𝜌 = 0.9,𝜙 = 0.9,𝑘 = 0.5 

This combination defines a scenario for the strongest positive space-time dependence 
and the most accurate relation between 𝑿 and 𝒀. The apparent time dependence of 
the generated 𝒀 is shown by the time series plots in Figure 4. The scatter plots 
between neighbourhood 𝒀 (𝑾𝒀) and local 𝑿 for the first four periods are depicted in 
Figure 5. The plots indicate a strong positive relation between the two variables. 
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Figure 4 
The time series of the generated 𝒀 using a combination of 

 𝝆 = 𝟎.𝟗,𝝓 = 𝟎.𝟗,𝒌 = 𝟎.𝟓 for the first four locations 
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Figure 5  
Scatter plots between the generated neighbourhood 𝒀 (𝑾𝒀) and local 𝑿 for 

 the first four periods using a combination of 𝝆 = 𝟎.𝟗,𝝓 = 𝟎.𝟗,𝒌 = 𝟎.𝟓 

 

Combination of 𝜌 = −0.9,𝜙 = 0.9, 𝑘 = 0.5 
This combination represents extremely opposite movement between the values of 
local 𝑿 and the values of neighbourhood 𝒀 (𝑾𝒀), which allows similar values for 
those variables across time (strong positive autocorrelation), at the most accurate 
relation between 𝑿 and 𝒀. Time series plots for generated 𝒀 for the first four locations 
are presented in Figure 6. The trend observed in Figure 6 is not as smooth as the 
trend observed in Figure 4 when 𝜌 > 0 and 𝜙 > 0. The scatter plots in Figure 7 
indicate that initially, the neighbourhood 𝒀 (𝑾𝒀) and local 𝑿 have a strong negative 
correlation. The degree of correlation, however, slightly decreases over time. 
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Figure 6 
 The time series of the generated 𝒀 using a combination of 

 𝝆 = −𝟎.𝟗,𝝓 = 𝟎.𝟗,𝒌 = 𝟎.𝟓 for the first four locations 
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Figure 7 
 The scatter plots between the generated neighbourhood 𝒀 (𝑾𝒀) and  

local 𝑿 using a combination of 𝝆 = −𝟎.𝟗,𝝓 = 𝟎.𝟗,𝒌 = 𝟎.𝟓 

 

Combination of 𝜌 = 0.9,𝜙 = −0.9,𝑘 = 0.5 

This scenario captures similar movement between the values of local 𝑿 and the values 
of neighbourhood local 𝒀 (𝑾𝒀) and opposite directions of movement across time 
between those variables, with the most accurate relation between 𝑿 and 𝒀. Time series 
plots for generated 𝒀 for the first four locations are presented in Figure 8. Each plot 
in Figure 8 does not show a trend over time. The scatter plots in Figure 9 indicate a 
negative correlation between neighbourhood 𝒀 (𝑾𝒀) and local 𝑿, with an increasing 
degree over time. 
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Figure 8 
The time series of the generated 𝒀 using  

a combination of 𝝆 = 𝟎.𝟗,𝝓 = −𝟎.𝟗,𝒌 = 𝟎.𝟓 for the first four locations 
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Figure 9 
The scatter plots between the generated neighbourhood 𝒀 (𝑾𝒀) and 

 local 𝑿 using a combination of 𝝆 = 𝟎.𝟗,𝝓 = −𝟎.𝟗,𝒌 = 𝟎.𝟓 

 

Combination of 𝜌 = −0.9,𝜙 = −0.9, 𝑘 = 0.5 
This combination of parameters is a scenario that captures opposite movement 
between the values of local 𝑿 and the values of neighbourhood 𝒀 (𝑾𝒀) and opposite 
directions of movement across time between those variables at the most accurate 
relation between 𝑿 and 𝒀. The time series plots in Figure 10 are the typical pattern of 
time series with negative autocorrelation. The scatter plots between neighbourhood 𝒀 (𝑾𝒀) and local 𝑿 for the first four periods are depicted in Figure 11. The plots 
indicate a strong positive relation between the two variables. 
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Figure 10 
The time series of the generated 𝒀 using a combination of  𝝆 = −𝟎.𝟗,𝝓 = −𝟎.𝟗,𝒌 = 𝟎.𝟓 for the first four locations 
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Figure 11  
The scatter plots between the generated neighbourhood 𝒀 (𝑾𝒀) and  

local 𝑿 using a combination of 𝝆 = −𝟎.𝟗,𝝓 = −𝟎.𝟗,𝒌 = 𝟎.𝟓 
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Table 1 
Percentage of datasets with significant 𝑹𝒄  

for combinations of 𝝆 > 𝟎 and 𝝓 > 𝟎 

𝜙 
𝑘 = 1 𝑘 = 0.5 𝜌 = 0.9 𝑘 = 2 𝑘 = 1 𝑘 = 0.5 𝑘 = 2 𝑘 = 1 𝑘 = 0.5 𝑘 = 2 𝑘 = 1 𝑘 = 0.5 

0.1 18.8 16.2 25.4 91.2 93.6 94.6 100.0 99.8 100.0 
0.5 32.0 33.8 33.2 97.4 96.6 98.6 100.0 100.0 100.0 
0.9 40.8 42.6 42 92.8 95.0 97.4 99.8 99.8 100.0 

Performance of the index based on the simulation study 

For each of the 108 scenarios, 500 sets of spatial panel data are generated. The index 𝑅௖ in (17) and pseudo p value in (22) are calculated for each dataset. For each scenario, 
the accuracy of the index is analysed based on the percentage datasets (from 500) with 
significant 𝑅௖. The results are summarized in Table 1 through Table 4. The 
visualization of the results is also depicted in Figure 12 through Figure 15. 

Figure 12 
Percentage of datasets with significant 𝑹𝒄  

for scenarios with combinations of 𝝆 > 𝟎 and 𝝓 > 𝟎 
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The results for combinations of 𝜌 > 0 and 𝜙 > 0, which generate 𝑿 and 𝒀 with 
positive time-dependent spatial cross-correlation, are presented in Table 1. They 
indicate that in the presence of weak spatial dependence (of 𝜌 = 0.1), the index can 
detect 16%–25% of datasets with significant spatial cross-correlation. The percentage 
increases when the degree of time dependence is stronger. For medium and strong 
degrees of spatial dependence (𝜌 = 0.5  and 𝜌 > 0.9), the index can detect more than 
90% of datasets with significant 𝑅௖. The highest percentage is observed in several 
scenarios, including the scenario with the strongest time-spatial dependence and the 
highest accuracy.  

Table 2 
Percentage of datasets with significant 𝑹𝒄  

for combinations of 𝝆 < 𝟎 and 𝝓 > 𝟎 

𝜙 
𝑘 = 1 𝑘 = 0.5 𝜌 = 0.9 𝑘 = 2 𝑘 = 1 𝑘 = 0.5 𝑘 = 2 𝑘 = 1 𝑘 = 0.5 𝑘 = 2 𝑘 = 1 𝑘 = 0.5 

0.1 23.4 17.2 20.8 93.4 92.6 94.0 99.8 100.0 100.0 
0.5 34.2 33.0 40.2 97.8 96.4 98.8 100.0 100.0 100.0 
0.9 54.4 55.6 57.0 93.4 94.4 97.2 100.0 100.0 100.0 

The results for combinations of 𝜌 < 0 and 𝜙 > 0, generate 𝑿 and 𝒀 with negative 
time-dependent spatial cross-correlation are presented in Table 2. The results are 
similar to those for scenarios with 𝜌 > 0 and 𝜙 > 0. The percentage of datasets with 
significant 𝑅௖ increases with the increasing degree of spatial and time dependence. 
Only when the spatial dependence is weak (𝜌 = −0.1) is the percentage quite low 
(17.2%–57%). For medium and strong degrees of spatial dependence (𝜌 = −0.5 and 𝜌 = −0.9), the index can detect more than 90% of datasets with significant 𝑅௖. The 
index (𝑅௖) can detect 100% negative time-dependent spatial cross-correlation in 
almost every combination with strong spatial dependence (𝜌 = −0.9). 
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Figure 13  
Percentage of datasets with significant 𝑹𝒄  

for scenarios with combinations of 𝝆 < 𝟎 and 𝝓 > 𝟎 
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Figure 14  
Percentage of datasets with significant 𝑹𝒄  

for scenarios with combinations of  𝝆 > 𝟎 and 𝝓 < 𝟎 

 
Table 4 

Percentage of datasets with significant 𝑹𝒄  
for combinations of 𝝆 < 𝟎 and 𝝓 < 𝟎 

𝜙 
𝑘 = 1 𝑘 = 0.5 𝜌 = 0.9 𝑘 = 2 𝑘 = 1 𝑘 = 0.5 𝑘 = 2 𝑘 = 1 𝑘 = 0.5 𝑘 = 2 𝑘 = 1 𝑘 = 0.5 

–0.1 13.2 10.6 15.6 78.0 80.4 83.8 98.0 96.8 97.6 
–0.5   8.0    9.4    7.0    7.0 10.2    7.8 12.0    9.2    9.0 
–0.9 39.4 39.6 45.6 73.6 81.4 84.8 92.8 96.8 96.8 

The second combination, which generates 𝑿 and 𝒀 with positive time-dependent 
spatial cross-correlation, uses 𝜌 < 0 and 𝜙 < 0 in the data generation setting. The 
results of the simulation study for these combinations are presented in Table 4. The 
combinations for weak spatial dependence (𝜌 = −0.1) yield the lowest percentage of 
datasets with significant 𝑅௖ (7%–45.6%). Every combination with a medium degree 
of time dependence has the lowest percentage of datasets with significant 𝑅௖ (7%–
12%). Similar to the results of the previous combination, even though the percentage 
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increases as the degree of spatial dependence increases, there is no combination with 
100% datasets that are significant 𝑅௖. The highest percentage is only 98%. 

Figure 15  
Percentage of datasets with significant 𝑹𝒄 

for scenarios with combinations of 𝝆 < 𝟎 and 𝝓 < 𝟎 

 

The simulation study shows that in the presence of at least moderate positive or 
negative spatial dependence, the modified index 𝑅௖ can accurately detect the positive 
as well as the negative time-dependent spatial cross-correlation between 𝑿 and 𝒀. The 
best performance of the index is observed when the time series of every individual 
spatial unit has positive autocorrelation (positive time dependence) and the 
neighbourhood 𝒀 (𝑾𝒀) and local 𝑿 of every time unit are positively correlated 
(positive spatial dependence). To understand well the pattern of time series and the 
spatial data, the application of this index can be accompanied by presenting data 
visualization. 

The application of the index for East Java’s regional GDP growth vs. 
percentage of urban population, 2015–2019 

When the index is applied to calculate the time-dependent spatial cross-correlation 
between East Java’s regional GDP growth and the percentage of urban population, 
the magnitude of the index and its significance represent two things: 
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1. the strength of the relationship between the current GDP growth of a 
regency/municipality and the current neighbourhood percentage of the urban 
population as well as the previous and the next year neighbourhood percentage 
of the urban population. 

2. The strength of the relationship between the current percentage of urban 
population of a regency/municipality and the current neighbourhood GDP 
growth as well the previous and the next year neighbourhood GDP growth. 

They both do not consider the causal-effect relationship. 
The space-time weight matrix in  (13) is formed using 𝑾௦, a spatial contiguity 

weight matrix that is defined based on the geographical location of the 38 East Java 
regencies/municipalities, and 𝑾் with one year as the time threshold. The results are 
presented in Table 5. Due to the symmetric space-time weight matrix in the index 
development (Chen 2013), in both cases, the magnitudes of the index are the same. 
However, because of the setting of the randomization in the pseudo p value 
calculation (equation [22]), the p value of each case is different. At the 10% 
significance level, the results in Table 5 confirm that, for the 38 East Java 
regencies/municipalities (2014–2019 data), the time-dependent spatial cross-
correlation between regional GDP growth and urbanization is significant. 

Table 5 
The time-dependent spatial cross-correlation index, the value and its 

significant for two possible relationships for GDP growth and urbanization of  
the 38 East Java regencies/municipalities (2014–2019 data) 

Measure GDP growth vs. space time lag of 
percentage of urban population 

Percentage of urban population vs.  
space time lag of GDP growth 𝑅௖ 0.0425312 0.0425312 

p value 0.083 0.081 
R2 0.0067824 0.0089617 

Mathematically, 𝑅௖ is the least square estimate of regression without an intercept 
between 𝒙 and 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒚 or between 𝒚 and 𝑇ሺ𝑁 − 1ሻ𝑽௨𝒙; therefore, it is also 
useful to identify the causal relationship between two variables, GDP growth and the 
percentage of the urban population of the 38 East Java regencies/municipalities in 
this case. Two scatter plots are presented in Figure 15 to visualize the relationship 
between one variable locally and the space-time lag (multiplied by a constant) of 
another variable. In both cases, the value in the y-axis is the product of 𝑇ሺ𝑁 − 1ሻ, the 
space-time weight matrix in (13) and the variable of interest. The first plot (the left 
panel of Figure 15) is made based on the assumption that the change in local GDP 
growth (the x-axis) drives the change in the space-time lag of the percentage of urban 
population (the y-axis). The plot shows that most of the regencies/municipalities have 
approximately 5% GDP growth. This cluster of regions with similar GDP growth  
(x-axis) is the cause of no apparent linear relationship between GDP growth and the 
space-time lag of the percentage of urban population. In contrast, the second plot 
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(the right panel of Figure 15) is made based on the assumption that the change in the 
local percentage of the urban population (the x-axis) drives the change in the space-
time lag of GDP growth (the y-axis). Due to the more varying percentage of urban 
population (x-axis), the linear pattern is shown better in the second scatter plot. 

Figure 16 
Scatter plot between GDP growth and the space-time lag of the percentage of 
urban population (left panel) and between the percentage of urban population 

and the space-time lag of GDP growth (right panel) 

 

Even though the relationship can work in both directions, the information in table 
5 and the patterns in Figure 16 give some insight regarding which variable acts as the 
cause of change. They indicate that the second type of relationship is more significant 
than the first one. Local urbanization is more likely to drive current and time lag 
neighbourhood GDP growth. 

It has been discussed in the theoretical part that the index is used to measure the 
relationship degree and to identify the possible causal relationship between the local 
GDP growth vs. the space-time lag of the percentage of urban population or the local 
percentage of urban population vs. the space-time lag of GDP growth. If the focus is 
on identifying the influence of local urbanization on local GDP growth, then the 
setting of the space-time weight matrix must be changed by assuming no time and 
spatial dependence. In this way, the index becomes the weighted sum of Pearson-
correlation for all . 
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Concluding remarks 

The key to accommodating the time dependence in the spatial cross-correlation 
measure for the spatial panel setting is the use of a modified spatial weight matrix in 
the space-time weight matrix. The simulation study confirms the good performance 
of the modified index in every possible degree of spatial and time dependence. 
A computational technique based on randomization is used to imitate the theoretical 
distribution of the proposed index for inference purposes. This approach is taken 
because it is data driven and more robust than the analytical approach under 
nonnormality. 

Using the modified index, this study also confirms the significance of the time-
dependent spatial cross-correlation between regional GDP growth and the percentage 
of the urban population of the 38 East Java regencies/municipalities (2014–2019). 
This result indicates that for the regions under study, it is more likely that urbanization 
drives the space-time lag of GDP growth. This interpretation of causality is made 
without employing several fallback measures (e.g., Granger Causality, IV analysis, 
Cointegration analysis). This study deals with short panel spatial data, in which 
employing fallback measures can be challenging. The spatial cross-correlation is 
indeed a relevant and appropriate measure in this case, especially where the 
relationship between variables highly depends on their spatial proximity. Time lags 
and natural sequencing are more suitable for time series data where the temporal order 
of events is more crucial. 
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