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Abstract: This study explores the dynamics of automobile insurance claim frequencies, shedding light on spatial pat-
terns indicative of regional diversity. By examining data from urban, rural, and suburban areas, we discern
disparate claim frequencies across both geographical and temporal dimensions, offering pivotal insights for
insurers and regulators seeking to enhance risk assessment and pricing methodologies. Our analysis of auto
insurance loss data from Ontario, Canada, unveils a marked divergence in relative claim frequencies between
the expansive northern regions and the densely populated south. Furthermore, by scrutinizing various accident
years, including those influenced by the COVID-19 pandemic, distinct temporal trends emerge. Applying so-
phisticated spatio-temporal models facilitates precise predictions, equipping insurers with the tools necessary
for adept navigation of the ever-evolving landscape of uncertainties. This research enhances our comprehen-
sion of the dynamic nature of territory risk within spatio-temporal contexts. These insights provide valuable
assistance to insurance companies and auto insurance regulators in effectively managing territorial risk.

1 INTRODUCTION

The landscape of auto insurance claim frequencies re-
veals discernible spatial patterns, indicating the di-
verse characteristics of different territory risk. Across
urban, rural, and suburban areas, claim frequencies
vary both spatially and temporally (Ong and Sung,
2003). Understanding these spatial and temporal pat-
terns is important for insurers and regulators to de-
velop effective risk assessment, pricing strategies, and
regulatory frameworks (Li et al., 2010). The spa-
tial distribution of auto insurance claims is heavily
influenced by the demographics of geographical lo-
cations. Urban areas typically exhibit higher driver
density compared to rural regions, leading to differ-
ent driving behaviors (Ong and Sung, 2003)). There-
fore, it is essential to model spatial dynamics, espe-
cially during the pre and post-COVID-19 pandemics
to uncover its impact. Also, it is possible to consider
both spatial and temporal dynamics in a given model
so that insurance loss patterns can be captured using
more characteristics from the model used.

In this study, we analyzed auto insurance claim
data from Ontario, Canada. Data visualization in-
dicates that northern regions, characterized by ex-
pansive landscapes and sparse populations, may ex-

perience relatively lower relative claim frequencies
compared to the densely populated southern areas.
Conversely, the Greater Toronto Area, ranked sev-
enth globally for its traffic congestion, is anticipated
to demonstrate heightened relative claim frequencies.
However, this spatial pattern may change over time
and a global health crisis may lead to a significant
change of such pattern. Because of this, our research
incorporates a temporal dimension by examining data
from various accident years, including periods af-
fected by the COVID-19 pandemic. This temporal
modeling approach reveals distinct trends in relative
claim frequency, highlighting the impact of the pan-
demic (Abraham and Mumma, 2021; Babuna et al.,
2020; Nebolsina, 2021). Our approach to modelling
focuses on both spatial and spatio-temporal domains
to better reveal the nature of the claim frequency pat-
terns.

Recent studies in auto insurance, such as those
conducted by (Farmaki et al., 2022; Honan et al.,
2023; Jha et al., 2022), uncover the impact of the
COVID-19 pandemic from both societal and eco-
nomic perspectives. Understanding the spatial and
temporal dynamics before and after the pandemic is
crucial for insurers to comprehend the evolving na-
ture of auto insurance claims. Consequently, the uti-
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lization of advanced spatio-temporal models, such as
the spatial Besag York Mollié Model (BYM) (Wahl
et al., 2022) and spatio-temporal BYM model (Bauer
et al., 2023), facilitates more precise prediction of fu-
ture claim trends. The insights derived from these re-
search findings are invaluable for insurance compa-
nies, aiding them in risk management, strategy for-
mulation, pricing decisions, and case reserve manage-
ment. The integration of loss data analytics within
the framework of auto insurance, particularly through
the spatial-temporal model, allows insurers to iden-
tify spatial clusters characterized by varying relative
claim frequencies. By pro-actively anticipating the
effects of events such as pandemics, insurers can allo-
cate resources strategically and prepare for dynamic
and challenging scenarios. Ultimately, the adoption
of such robust modeling approaches enhances insur-
ers’ operational optimization, enabling them to nav-
igate uncertainties with greater efficiency and effec-
tiveness. Although modelling is done on relative
claim frequency data, a similar study can be carried
out by applying the techniques to claim severity, or
loss cost, which captures the theoretical insurance
premiums.

This research is structured around two objectives.
Firstly, it aims to discover spatial patterns in claim fre-
quency by Ontario’s Forward Sortation Areas (FSAs).
This entails investigating whether claim frequency ex-
hibits clustering, autocorrelation, or localized trends,
shedding light on underlying risk factors, infrastruc-
ture considerations, and socio-economic disparities.
Secondly, the study aims to explore the temporal di-
mension, analyzing relative claim frequency patterns
before, during, and after the COVID-19 pandemic.
By uncovering spatio-temporal patterns, this research
endeavors to refine risk assessment methodologies,
and offer valuable insights for the formulation of auto
insurance regulations. The significance of this re-
search lies in its innovative application of spatial data
science techniques to auto insurance loss analysis.
Moreover, it advocates for the adoption of advanced
models of insurance rate regulation to enhance statis-
tical robustness. The study contributes to the advance-
ment of sound regulatory frameworks and promotes a
more comprehensive understanding of insurance risk
dynamics.

The remainder of this paper is structured as fol-
lows. In Section 2, we outline the data employed in
this study and describe the proposed methods, includ-
ing Moran I statistics and, Besag-York-Mollie spatial
and spatio-temporal model. In Section 3, we criti-
cally analyze the results that we obtained. Finally, in
Section 4, we conclude our study and offer insights
obtained from this research.

2 MATERIALS AND METHODS

2.1 Data

The data sets used in this work consist of claim counts
and risk exposures collected from all auto insurance
companies in Ontario, Canada. The accident half-
year data from 2018 to 2022 is considered to address
the potentially different patterns between pre- and af-
ter the pandemic. The claim counts and written num-
ber of vehicles (i.e. risk exposures) are aggregated by
FSA over a six-month period. The following aggre-
gated observations are computed for each FSA: total
claim counts, total vehicle counts. The relative claim
frequency per car was computed as the total number
of claim counts divided by the total vehicle counts. To
construct the map, the shape files in the FSA bound-
aries data set from Statistics Canada are used to de-
lineate the boundaries of the FSA regions in Ontario.
These shape files enable the visualization and map-
ping of relative claim frequency patterns, facilitating
the identification of clusters, trends, and potential spa-
tial correlations.

2.2 Global Moran’s I

To evaluate spatial auto-correlation within insurance
claim frequency data across Ontario’s FSA regions,
we conducted a Global Moran’s I analysis. This sta-
tistical method gauges the extent of spatial cluster-
ing or dispersion within the dataset, shedding light
on whether similar values tend to aggregate (posi-
tive spatial auto-correlation) or scatter (negative spa-
tial auto-correlation). Using geographical coordi-
nates, we visually represented FSA regions on a
map. Moran’s I was computed utilizing a formula
that considers standardized observation values, spa-
tial weights, and the overall mean relative claim fre-
quency. The resulting Moran’s I value ranges from
-1 (indicating perfect dispersion) to +1 (indicating
perfect clustering), with 0 denoting no spatial auto-
correlation.

2.3 Besag-York-Mollié Model

Selecting an appropriate model to tackle spatial auto-
correlation for the real-world application remains an
enduring difficulty in spatial statistical analysis. In
our study, we choose the Besag-York-Mollié (BYM)
model to confront potential spatial correlation among
FSA based claim frequency. Therefore, this paper ex-
plore the intricacies of the BYM model, demonstrat-
ing how it enhances our research objectives. From
statistical perspectives, the BYM model is a spatial
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Figure 1: Time evolutionary spatial patterns of relative
claim frequency, spanning from accident years 2018 to
2022, for the entire Ontario.

Figure 2: Time evolutionary spatial patterns of relative
claim frequency, spanning from accident years 2018 to
2022, for the southern Ontario.

model that treats spatial correlation as a stochastic
variable. The model applys the Bayesian framework
to account for the impact of region as a risk factor
on relative claim frequency, acknowledging potential
correlations among claim frequencies in neighboring
locations. By applying the BYM model, we aim to
gain deeper insights into the spatial distribution of rel-
ative claim frequency within our study focus, offering
valuable insights for insurance rate regulation. The

BYM model is specified as follows:

log(λi) ≈ β0 + γi +θi, (1)
θi ∼ N(0,σθ), (2)

γi | γ−i ∼ N(
1
Ni

n

∑
j=1

ai jγ j,s2
i ), (3)

γ ∼ N(0,Q−1). (4)

Here λi represents relative claim frequency that as-
sociated with ith regions. The collection of all re-
gions is denoted by A = {1,2,3, ...,n} using their in-
dexes, so i ∈ A, and −i ∈ A \ {i} represents all re-
gions except the ith region. γi is to explain the spa-
tially structured random effect and θi is further cap-
ture the unstructured random effect. Ni is the num-
ber neighbours of region i, and s2

i = σ2
u/Ni, while the

variance parameter σ2
u controls the amount of varia-

tion between the spatially structured random effects.
ai j is 1 if areas i and j are neighbours and 0 other-
wise. Q is the precision matrix, representing condi-
tional independence. Whenever the two FSA regions
are not neighbours, they are conditionally indepen-
dent, and hence the corresponding element is 0 in the
precision matrix. Q−1 = (I− φW)−1S2, considering
W as a matrix of generic elements Wi j = ai j/Ni and
S= diag(s1,s2, ...,sn), and φ remains constant, which
is set to 1 in this work.

Given that the response variable represents claim
counts, a Poisson model is the appropriate choice to
account for the number of occurrences data. In the
context of Poisson models, the Bayesian framework
allows us to incorporate structured random effects,
which are particularly relevant when considering spa-
tial dependencies among the observations. Moreover,
the spatial random effect and independent identically
distributed (iid) unstructured random effects included
in the BYM model allow for reflecting the overdis-
persion. The BYM model is well-suited for address-
ing the intricacies of claim frequency patterns by ef-
fectively accounting for both spatially structured and
unstructured random effects. This stage involved fit-
ting the spatial BYM model independently using the
accident half year data.

2.4 Spatio-Temporal Besag-York-Mollié
Model

After visualizing the observed relative claim fre-
quency and their fitted values after modelling, it be-
came evident that there were temporal variations in
the claim frequency over time. Hence, recognizing
the temporal fluctuations, we incorporated temporal
dynamics into our analysis. The selection of the
spatio-temporal auto-regressive model is driven by its
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(a) (b)

(c) (d)
Figure 3: The scatter plots depict the relationship between the relative claim frequency of each FSA region (x-axis) and the
average relative claim frequency of its neighboring regions (y-axis) during various accident half-years before the COVID-19
pandemic. The subplots illustrate the cases for different periods: (a) 1st half of 2018, (b) 2nd half of 2018, (c) 1st half of
2019, and (d) 2nd half of 2019.

(a) (b)

(c) (d)
Figure 4: The scatter plots of the relative claim frequency of each FSA region (x-axis) and the average value of relative claim
frequency of its neighbours (y-axis), for different accident half years during COVID-19 pandemic. The subplots illustrate the
cases for different periods: (a) 1st half of 2020, (b) 2nd half of 2020, (c) 1st half of 2021, and (d) 2nd half of 2021.

inclusion of both spatially and temporally structured
random effect terms. By integrating both spatial and
temporal dimensions, this model can capture the un-
derlying spatial patterns, temporal trends, and poten-
tial interactions between them. The model is again
using Poisson as the error distribution function. The

spatial component allows for the incorporation of spa-
tial auto-correlation, revealing how neighbouring re-
gions influence each other’s claim frequency. On the
other hand, the temporal component acknowledges
the temporal persistence observed in insurance claim
data. It accounts for the temporal auto-correlation, al-
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Figure 5: Fitted relative claim frequency for spatial BYM
model using data from the entire province of Ontario.

Figure 6: Fitted relative claim frequency for spatial BYM
model using data from the southern Ontario.

lowing the current claim frequency to be influenced
by its historical values. This recognition of temporal
trends is pivotal for capturing any consistent patterns,
fluctuations, or cyclical variations that contribute to
the overall claim frequency landscape. Through this
model, we can uncover how the interplay between
spatial and temporal factors contributes to the varia-
tions in claim frequency across different regions. The
outcomes from the models enable a comprehensive
understanding of how both spatial and temporal fac-
tors collectively shape insurance risk patterns, thereby
enhancing the precision of risk assessment strategies
and informing policy decisions. In this study, we have

fitted a spatio-temporal auto-regressive model of or-
der 1 to the data. The model specification is outlined
as follows:

log(λit) ≈ β0 + γi +θi +ηt (5)
Yit ∼ Poisson(λit) (6)
θi ∼ N(0,σθ) (7)

ηt | ηt−1 ∼ N(ρηt−1,ση) (8)
ηt = c+ρηt−1 + εt (9)
εt ∼ N(0,σt) (10)

ηt is the temporal random effect term and follows au-
toregressive model of order 1. θi is the extra Poisson
variation. t is the time point, t = 1,2,3, ... and c is the
intercept term. The remaining parameters are defined
identically to those in the spatial model.

3 RESULTS

This section discuss the results obtained from apply-
ing our proposed spatial and spatial-temporal models
to claim frequency data. We first examined the evolu-
tionary spatial correlations of claim frequency in On-
tario and southern Ontario. The results are presented
in Figures 1 and 2. These Figures provide insights
into the spatial distribution of claim frequency for
each accident half-year. Within each map, the similar
colour indicates a similar level of relative claim fre-
quency. On the other hand, the similar patterns among
different maps reveal temporal correlations spanning
the accident half years. Notably, the maps exhibit
lighter colours across Ontario during the pandemic,
suggesting a decreasing claim frequency. This ob-
servation strengthens our commitment to expanding
the scope of our analysis beyond spatial dependencies
and integrating temporal dynamics into our models.

We use the Global Moran’s I statistics to quan-
tify the spatial auto-correlation of the claim frequency
across different neighbouring FSAs. The Global
Moran’s I take values from -1 to 1, and the proxim-
ity to 1 signifies a positive autocorrelation, while -
1 denotes a negative autocorrelation. The proximity
to 0 implies no spatial autocorrelation. In this study,
Moran’s I test results yielded compelling evidence of
spatial auto-correlation in claim frequency across On-
tario. The estimated Moran’s I values are all positive,
and the p-values are less than 2.2 e-16. The spatial
auto-correlation was estimated to be around 0.5, indi-
cating a pronounced positive spatial auto-correlation
of claim frequency throughout Ontario. This implies
that each FSA shares approximately a similar num-
ber of claim frequencies with its neighbouring areas.
This finding suggests that analyzing the spatial clus-
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Table 1: Five number summary statistics and mean of claim frequency values under different methods, including empirical,
Besag, and BYM models, by different accident half years.

Quantiles for Claim Frequency in 2018-2022
Time Parameters Minimum Q1 Median Q3 Maximum Mean

201801
CF 0.0479 0.08387 0.10252 0.11556 0.15152 0.10056

c fBesag 0.05204 0.08563 0.1031 0.11506 0.1479 0.10058
c fBY M 0.05246 0.08535 0.10315 0.11499 0.1484 0.1006

201802
CF 0.04589 0.08431 0.0989 0.1132 0.15938 0.09963

c fBesag 0.05005 0.08476 0.09943 0.11327 0.15634 0.09968
c fBY M 0.04994 0.0848 0.09946 0.11318 0.15684 0.09969

201901
CF 0.04847 0.08411 0.10016 0.11209 0.15647 0.09912

c fBesag 0.05385 0.08515 0.10076 0.11253 0.1504 0.09916
c fBY M 0.05361 0.08518 0.10068 0.11251 0.15086 0.09918

201902
CF 0.04365 0.08627 0.10155 0.11559 0.15959 0.10142

c fBesag 0.04914 0.08649 0.10152 0.11553 0.15408 0.10138
c fBY M 0.0489 0.08636 0.10163 0.1155 0.15376 0.10141

202001
CF 0.02791 0.05637 0.06436 0.07257 0.10888 0.06492

c fBesag 0.03377 0.05641 0.06449 0.07233 0.10237 0.06495
c fBY M 0.03436 0.05651 0.0645 0.0723 0.10241 0.06497

202002
CF 0.03706 0.06334 0.0708 0.07912 0.12124 0.07128

c fBesag 0.04153 0.0638 0.07067 0.07833 0.10999 0.07125
c fBY M 0.04272 0.06384 0.07073 0.07829 0.11084 0.07129

202101
CF 0.02468 0.04977 0.05705 0.0656 0.09817 0.05802

c fBesag 0.02634 0.05045 0.05709 0.06527 0.09455 0.05804
c fBY M 0.02699 0.05054 0.0571 0.06534 0.09423 0.05806

202102
CF 0.04135 0.07157 0.08178 0.09112 0.12538 0.08131

c fBesag 0.04614 0.07143 0.08179 0.09028 0.12066 0.08131
c fBY M 0.0459 0.07154 0.08184 0.09015 0.1206 0.08134

202201
CF 0.04247 0.0748 0.08517 0.09582 0.12529 0.08508

c fBesag 0.04681 0.07518 0.08561 0.09527 0.12089 0.08504
c fBY M 0.04742 0.07521 0.08561 0.09521 0.12084 0.08506

202202
CF 0.03958 0.07561 0.08824 0.10055 0.14336 0.08815

c fBesag 0.04136 0.07584 0.08863 0.09997 0.1322 0.08814
c fBY M 0.04171 0.07589 0.08843 0.09991 0.13241 0.08816

tering of claim frequencies could serve as another im-
portant aspect in exploring patterns of insurance claim
frequency.

Figures 3 and 4 described the relative claim fre-
quency for each FSA region and the average value of
the relative claim frequency of its neighbours. All
these plots show that most of the points are laid
around the off-diagonal lines, which means FSA re-
gions have similar values to their neighbours. This
could imply that areas with high claim frequency are
surrounded by other areas with high claim frequency,
and areas with low claim frequency are surrounded
by other areas with low claim frequency. The pres-
ence of clustering could be attributed to various fac-
tors such as similar driving conditions, local infras-
tructure, traffic patterns, or socio-economic charac-
teristics. This positive spatial auto-correlation iden-
tified through Global Moran’s I can be integrated into
the modelling of claim frequency. This spatial pat-

tern suggests that the spatial auto-correlation can be
incorporated into the predictive model that we select
to further refine the understanding of how both spa-
tial and temporal factors contribute to insurance claim
frequency variations.

The identification of positive spatial auto-
correlation holds considerable significance, prompt-
ing the adoption of a spatial modelling approach,
specifically, the Besag-York-Mollié model, to effec-
tively address this spatial dependence. The estimate
for the structured random effect (γ) effectively cap-
tures spatial patterns and dependencies within the
claim frequency data. The impact of neighbouring re-
gions on each FSA is substantial. The fitted results
under the BYM model are illustrated in Figures 5 and
6, revealing similar clustered patterns compared to
Figures 1 and 2, respectively. Notice that, the Greater
Toronto Area (GTA) exhibits the highest claim fre-
quency values, a spatial pattern attributed to the ur-
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Figure 7: Fitted relative claim frequency maps for spatio-
temporal BYM model using the entire Ontario loss data.

Figure 8: Fitted relative claim frequency maps for spatio-
temporal BYM model using the southern Ontario loss data
only.

ban nature of the GTA. Factors such as high popula-
tion density, increased vehicular presence, and unique
driving behaviours contribute to elevated claim fre-
quencies. Moreover, there is a noticeable increase
in claim frequency as one moves southward. The
close alignment between the fitted values by the spa-
tial BYM model and the actual values underscores the
model’s accuracy. This spatial analysis emphasizes
the importance of considering geographical informa-
tion in insurance risk assessment, particularly the sig-
nificant influence of territory risk on claim frequency
trends. The insights gained from this analysis pro-

vide valuable guidance for insurers, aiding in refining
risk assessment strategies and pricing models across
diverse regions within the studied area.

In this research, the selection of a suitable spatio-
temporal model emerged as a natural progression,
leading us to focus on the auto-regressive model with
an order of 1 for the temporal term. By opting for the
auto-regressive model, we aimed to holistically un-
derstand the interplay of spatial and temporal factors
in shaping claim frequency dynamics. This approach
culminated in the development of a comprehensive
spatio-temporal Besag York Mollié model, incorpo-
rating both spatial and temporal considerations. The
observed decline in fitted claim frequency during
2020 and 2021, as illustrated in Figures 7 and 8, can
be attributed to the widespread changes in driving be-
haviour and mobility patterns induced by the COVID-
19 pandemic. Individuals reduced outdoor activities
and travel during this period, resulting in a propor-
tional reduction in insurance claim frequency. The
spatial trends depicted in Figure 6 reveal a consistent
pattern of fitted claim frequency gradually increas-
ing from north to south. This spatial gradient signi-
fies a spatially varying risk that the model effectively
captures. Additionally, the temporal pattern indicat-
ing a lower frequency of claims during the pandemic
years (2020–2021) compared to other years aligns
with the results presented in Figures 7 and 8. Our
spatio-temporal BYM model not only effectively cap-
tures the spatial and temporal dynamics of claim fre-
quency but also highlights the impact of the COVID-
19 pandemic on driving behaviours and subsequent
insurance claims. The observed trends provide valu-
able insights for insurers, aiding in the refinement of
risk assessment methodologies and the development
of strategies to adapt to dynamic changes in spatial
and temporal domains.

The fitted results, presented in Table 1, encom-
pass various model configurations and accident half-
years. This table synthesizes the five-number sum-
mary statistics, providing a comparative analysis
between the empirical estimates and the outcomes
yielded by different models. The findings show a
remarkable consistency across diverse model setups,
with minimal variability observed in the estimates.
The relative claim frequency values show notable dis-
crepancies before, during, and after the pandemic, in-
dicating a substantial influence of the COVID-19 pan-
demic on auto insurance claims.
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4 CONCLUSION

In this work, we model auto insurance claim fre-
quency data using spatial and spatio-temporal mod-
els to uncover the impact of COVID-19 pandemic on
auto insurance risk. Moran’s I estimates show that
there is spatial auto-correlation in the frequency of
claims throughout Ontario, suggesting the impact of
geographic factors. We used a spatio-temporal BYM
model to explain these spatial and temporal dynamics,
and it was successful in capturing the complex link-
ages. The model demonstrated how the frequency of
claims gradually decreased in 2020 and 2021, in keep-
ing with the impacts of COVID-19 pandemic. Our
findings were supported by the temporal pattern of
decreasing claims throughout the pandemic years and
the spatial trend of increasing claims from north to
south.

This analysis emphasizes how crucial it is to take
spatial and temporal information into account when
evaluating insurance risk. In the end, the spatio-
temporal model helps insurers make better decisions
and manage risk across spatial and temporal domains
by providing insightful information on how to im-
prove risk assessment techniques and pricing models.
The acknowledgment of an evaluated decline in claim
frequency during the pandemic years (2020–2021) is
crucial for both insurers and regulators. This infor-
mation can influence how insurers assess and price
risks during future events similar to the COVID-19
pandemic. Understanding the temporal patterns al-
lows insurers to adjust their pricing models to reflect
the changing risk landscape. This also may impact
insurance companies’ reserving practices and finan-
cial planning. Understanding these patterns allows in-
surers to better estimate the potential financial impact
and allocate reserves accordingly.
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