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a b s t r a c t

Spatial heterogeneity or non-stationarity has become a popular and necessary concern in exploring
relationships between variables. In this regard, geographically weighted (GW) models provide a
powerful collection of techniques in its quantitative description. We developed a user-friendly, high-
performance and systematic software, named GWmodelS , to promote better and broader usages of
such models. Apart from a variety of GW models, including GW descriptive statistics, GW regression
models, and GW principal components analysis, data management and mapping tools have also been
incorporated with well-designed interfaces.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Motivation and significance

Spatial heterogeneity or non-stationarity has drawn more
nd more attentions in data relationships [1]. In line with To-
ler’s first law of geography [2], a particular branch of spatial
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statistics, termed geographically weighted (GW) models have
evolved to encompass local techniques applicable in situations
when data cannot be described well by global models in which
relationships between variables are often unrealistically assumed
to be spatially invariant. In contrast, a suitably localized cali-
bration method can provide a better description. Typical GW
models and techniques include GW regression [3–6] and a num-
ber of its extensions [7–18], GW descriptive statistics [19,20], GW

principal components analysis [4,21], GW discriminant analysis
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Fig. 1. Software architecture of GWmodelS .

22,23], GW visualization techniques [24] and GW artificial neural
etwork [25,26]. These GW models form a generic, open, and
ontinually evolving technical framework to explore spatial het-
rogeneities from a wide range of disciplines in the natural and
ocial sciences.
Many of the listed GW models are incorporated into a range

f R [27] packages, including spgwr [28], mgwrsar [18], GWLe-
last [29], spMoran [30], gwer [31], lctools [32,33], gwrr [34],
CARBayes [35] and GWmodel [36,37]. In particular, GWmodel
ontains functions to calibrate and estimate a wide range models
r techniques based on geographical weighting schemes. These
nclude GW summary statistics, GW principal components analy-
is, GW discriminant analysis and various forms of GW regression
echniques; some of which are provided in both basic and outlier
esistant forms, associated tests and diagnostics, and options for
lexible choices of distance metrics [38]. It has been downloaded
ore than 120,000 times (counted via the R package cranlogs)

since its first release on CRAN in 2013, and attracting more and
more attentions from a wide range of disciplines [39].

The users of GWmodel, however might frequently encounter
problems when applying with it. Firstly, programming skills with
R are required, particularly for various scholars from different
disciplines. The current version of GWmodel manual is, at the
time of writing (June 2019), some 85 pages in length and or-
ganized alphabetically. Whilst these write-ups conform to the
CRAN guidelines, they can be hard to follow. Notably, an R shiny

package, namely GeoWeightedModel [40] has been developed to
specifically provide a graphical user interface for GW function-
alities in GWmodel. Secondly, memory and computational limits
explicitly exist in R, although high-performance solutions have
been expediently developed with multi-core or compute unified
device architecture configurations [41]. This natural limitation of
R tend to lead the efficiency of high-performance solutions to be
compromised. Thirdly, data processing and mapping are neces-
sary operations for GW models, but relevant utility tools are not
available in GWmodel. External packages (e.g. ggplot2 [42]) or
tools (e.g. ArcGIS [43]) are usually turned to, which induces even
more difficulties in the usages of GW models. As such, a user-
friendly, high-performance and integrated software is urgently
demanded to implement GWmodels. We thus aimed to develop a
stand-alone software, namely GWmodelS , fully solving the above
concerns.

2. Software description

2.1. Software architecture

The development architecture of GWmodelS is shown in Fig. 1.
We adopted functions from the geospatial data abstraction library
(GDAL) [44], Armadillo C++ library [45] and QGIS libraries [46]
to achieve fundamental functionalities in processing geospatial
data, computing linear algebra and geovisualization. With these
2
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Fig. 2. An ontology of functionalities (developed or to be developed) in GWmodelS .

ependencies, the core functionalities in data/layer management,
eneric computations of distance metrics and spatial weights
i.e. kernel functions), GW modelling, spatially and temporally
eighted (STW) models and mapping tools were programmed
s C++ classes. Finally, we incorporated all these modules and
lgorithms via the cross-platform framework Qt to produce a
riendly graphic user interface (GUI) of GWmodelS . Moreover, the
lgorithm invocations were canonically designed to facilitate its
sage and further extensions. In the current release of GWmodelS
Version 1.0.3), we provide two options, stand-alone or open
ulti-processing (Open-MP) to compute most of the GW models,
nd the compute unified device architecture (CUDA) solution to
ccelerate the computations with graphics processing unit (GPU)
evices is also under development.

.2. Software functionalities

In Fig. 2, we present an ontology diagram of the functionalities
eveloped or to be developed in GWmodelS . The key features of
his software are listed as follows:

(1) Data/layer management: geospatial data of different for-
mats, including ESRI shape file, GeoJOSN and GPKG could
be imported into GWmodelS, while much more choices
could be provided on request by means of GDAL. Moreover,
the table file in the CSV format could be also used for
interchange.

(2) Generic options for GW models: In GWmodelS , we
provided a substantial collection of options to calculate
geographical weights, one of the core components for cal-
ibrating any GW model. In details, a number of distance
metrics, including Euclidean distance, Great circle distance,
Minkowski distance [38], space–time distance [12], net-
work distance [47] and flow distance [48] can be calculated
to fit various GW models. Moreover, a kernel function
(e.g. Gaussian, Exponential, Box-car, Bi-square and Tricube)
with a specific bandwidth (fixed or adaptive, optimized or
predetermined) provide a flexible weighting scheme for
various application scenarios.

(3) GW models: A number of GW modules have been incor-
porated into the current release of GWmodelS , including
GW descriptive statistics [19], GW principal components
3
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Fig. 3. Load the LNHP data into GWmodelS .

analysis [21], standard GW regression [6] and a number
of extensions applicable to large-scale data set [49], multi-
scale GW regression [9,50,51], geographically and tempo-
rally weighted regression [12], robust GW regression [13],
locally compensated GW regression, generalized GW
regression [8] and GW interaction model for analysing
origin–destination flows [48]. Moreover, GW discriminant
analysis [23] and GW artificial intelligence techniques [25]
are also tentatively coded and to be incorporated in the
near future.

(4) Computational options: In practice, stand-alone comput-
ing is fine for most of the GW models, particular when
the sample size is small (e.g. less than 3000) [41]. With
concerning large scale data, high-performance options, in-
cluding multi-core parallel and CUDA techniques are also
seamlessly integrated in this software.

(5) Mapping and visualization: Apart from conventional tools,
like thematic map and statistical charts, some specific vi-
sualization tools are also incorporated, like multivariate
glyph plot [36] and circle view for visualizing model spec-
ification [47]. To facilitate the multivariate mapping, we
developed a batch mapping tool, i.e. setting all the carto-
graphical parameters as one-off and producing all the maps
accordingly.

. An illustrative example of standard GW regression

With the GWmodelS installed, an example data set could be
ound in the installation directory ‘‘sample_data’’, i.e. a house
rice data set for London, UK (LNHP) (see details in [47]). Load it
nto GWmodelS by clicking ‘‘Layer/Data->ESRI Shapefile’’, the data
is ready to be examined, as shown in Fig. 3. Using QGIS libraries,
navigation, editor and attribute viewer tools are also available
to preliminarily explore the data, which is always necessary for
further modelling with it.

In this section, we take the standard GW regression as an
llustrative example, more sophisticated examples can be found
n the attached video demo. By clicking the menu bar ‘‘GWR-
Basic GWR’’ or the button in the toolbar, we can see the form to
onfigure parameters for calibrating a basic GW regression model,

Fig. 4. Parameter configuration forms for calibrating a standard GW regression
model.

as shown in Fig. 4. All the parameters could be set up in the
following steps:

(1) Select the data layer from a combobox, i.e. LNHP; tick the
checkbox ‘‘Regression Points’’ if you have a different layer
as regression points, but keep unchecked in this example.
4
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Fig. 5. Results returned from a standard GW regression model.

(2) Specify dependent variable and independent variables from
the combobox and list box; if tick the checkbox ‘‘Enable
automatic model specification’’, the independent variables
will be automatically selected via a stepwise procedure
(see details in [47]), and it is checked in this example.

(3) Define the weighting scheme by ticking the radio buttons,
i.e. fixed or adaptive bandwidth, user-defined or optimized
via the cross validation (CV) approach or corrected Akaike
Information Criterion (AICc) [37], and finally choosing the
kernel function from the combobox; the Bi-square kernel
function with an optimized adaptive bandwidth is adopted
in this example.

(4) Tick the radio button to calculate distance metric, where
‘‘According to CRS’’ means great circle and Euclidean dis-
tances will be calculated when the coordinate reference
system (CRS) is geographic and projected, respectively;
Minkowski distance or an individual distance matrix is also
allowable by ticking the rest radio buttons. The first choice
is taken by default in this example.

(5) Configure the computing option by ticking the radio but-
tons ‘‘None’’ or ‘‘Multithreading’’ to define whether parallel
computing is adopted or not; Note the stand-alone mode is
used in this example, as the sample size of LNHP is 1601.

(6) Extra options are available in the ‘‘Others’’ panel, where
diagnostic information, results of ordinary least squares re-
gression and significance tests of spatial heterogeneity [52]
will be returned if the checkboxes ‘‘Hatmatrix’’, ‘‘OLS’’ and
‘‘F tests’’ are ticked, respectively; default choices are kept
in this example.

(7) Clicking on the ‘‘OK’’ button, the results of the GW re-
gression model will be returned as a new layer (including
location-wise coefficient estimates) and summary infor-
mation in the property panel once the computation is
completed successfully, as shown in Fig. 5.

. Impact

As a concomitant software with the R package GWmodel,
WmodelS will provide quite different experiences in applying

GW models in practice, as,

(1) Friendly interface and fundamental GIS tools integrated
allow users to easily run all the GW models, even though
their programming skills might be zero.

(2) A wide range of geographically weighted models have been
incorporated, and this number is still increasing quickly as
more and more GW models and extensions are developed.

(3) High performance techniques, including Open-MP and
CUDA are seamlessly integrated for all the GW models,
which are important for modelling with large scale data.

(4) Visualization tools including batch mapping, multivariate
glyph plot and circle view are specifically incorporated for
mapping spatially varying results from GW models.

All in all, GWmodelS present great advantages in GUI, oper-
ability, computational efficiency and accessibility. This is how we
expect GWmodelS to assist much more users from a wide range
of domains in applying GW models in their quantitative studies.

5. Conclusions

GW models have become an important branch of local
techniques to quantitatively explore spatial heterogeneities and
non-stationarities in data relationships. The early versions of
GWmodel have acquired more than 400 citations (according
to records in google scholar) as a preferred GW toolkit in a
wide range of studies, e.g. meteorology [53,54], urban studies
[55,56], and environmental science [57–61]. To promote better
and broader usages of GW models, we developed this user-
friendly, high-performance integrated and bigeminal software.
The release of GWmodelS is a good start, and follow-up updates
and tutorials have been under long-term planning.
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