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Abstract
GIS-based multicriteria evaluation (MCE) provides a framework for analysing complex 
decision problems by quantifying variables of interest to score potential locations according 
to their suitability. In the context of earthquake preparedness and post-disaster response, 
MCE has relied mainly on uninformed or non-expert stakeholders to identify high-risk 
zones, prioritise areas for response, or highlight vulnerable populations. In this study, we 
compare uninformed, informed non-expert, and expert stakeholders’ responses in MCE 
modelling for earthquake response planning in Vancouver, Canada. Using medium- to low-
complexity MCE models, we highlight similarities and differences in the importance of 
infrastructural and socioeconomic variables, emergency services, and liquefaction potential 
between a non-weighted MCE, a medium-complexity informed non-expert MCE, and a 
low-complexity MCE informed by 35 local earthquake planning and response experts from 
governmental and non-governmental organisations. Differences in the observed results 
underscore the importance of accessible, expert-informed approaches for prioritising loca-
tions for earthquake response planning and for the efficient and geographically precise allo-
cation of resources.
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1  Introduction

Between 1980 and 2018, there were 1397 deadly earthquakes on Earth, causing an esti-
mated 822,499 deaths and economic losses of US$ 935bn (Münchener Rückversicherungs-
Gersellschaft 2019). Of those events, 115 (8%) were classified as catastrophic, accounting 
for 98% of the total deaths and 94.6% of the total economic loss in this time period (ibid).

Given the high loss of life and damage in catastrophic events, many governmental 
organisations in high-risk areas have sought to develop, improve, and implement major 
earthquake preparedness and response plans. Priorities of response efforts in the event of a 
major earthquake are to rapidly address injuries, conduct evacuations, and assess, contain, 
and repair damage to critical infrastructure. As such, an understanding of the geographi-
cal distribution of vulnerable populations (e.g., elderly persons), emergency services, and 
key economic infrastructure is vital to informing rapid and efficient dispatch of available 
resources (City of Vancouver 2013).

1.1 � Tectonic context

This study focusses on the City of Vancouver, home to approximately 631 000 residents 
with a total of 2.8 million residents in the metropolitan region (Statistics Canada 2016). 
The city is located in south-western British Columbia, approximately 200  km from the 
Cascadia Subduction Zone, where the oceanic Juan de Fuca plate is moving down beneath 
the continental North America plate.

The two plates are “locked” over a width of several tens of kilometres along the east-
dipping fault that separates them, storing elastic energy that will eventually be released 
when the fault slips, producing a giant earthquake (magnitude ≥ 9). Geological studies have 
shown that such earthquakes occur at intervals of approximately 300–800 years (Atwater 
and Hemphill-Haley 1997; Atwater et al. 2004; Goldfinger et al. 2012) and affect an area of 
about 100,000 km2, extending northward from coastal California to south-western British 
Columbia. The most recent of these earthquakes happened on 26 January 1700 (Atwater 
et al. 2005; Ludwin et al. 2005). It equalled or exceeded in size the strongest earthquakes 
in recorded history (including the giant earthquake in Chile in 1960 and the 2011 Tōhoku 
earthquake in Japan, which triggered a tsunami that killed over 16,000 people and resulted 
in the Fukushima nuclear reactor meltdown).

Although by far the largest, subduction earthquakes are just one of three types of earth-
quakes that occur in this region. Some of the numerous faults within the crust of the North 
America plate are “active” that is they have been the source of earthquakes with magni-
tudes up to about 7.5 during the postglacial period (Clague 2002). A few of these faults are 
near enough to Vancouver that should one of them generate a large earthquake, it would 
be damaging and likely deadly. Earthquakes also occur within the subducting Juan de 
Fuca plate as it arches downwards into Earth’s mantle. These earthquakes, which have a 
maximum magnitude of about 7, are deeper than those in the North American crust, and 
thus produce less severe ground motions than crustal earthquakes. However, they are more 
common than crustal earthquakes and far more common than subduction events–three 
larger than magnitude 6.5 have occurred beneath Puget Sound in the past 75 y, all of them 
damaging (Clague 2002).

By weighting current knowledge of the frequency and likely hypocentres of the three 
types of earthquakes that occur in the Pacific Northwest, researchers estimate that there is a 
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10–20% probability that Vancouver will be impacted by a damaging earthquake before the 
middle of the century (Onur et al. 2004, 2006; Ventura et al. 2005). Data published by the 
Natural Resources Canada (Halchuk et al. 2015, 2016) indicate that Vancouver could expe-
rience ground motions during a subduction or nearby crustal of slab earthquake that are 
strong enough to cause considerable damage to buildings, including some designed to be 
earthquake resistant. Details of future seismic events and their potential damage to the built 
environment in the Vancouver metropolitan area are uncertain, but the aforementioned 
findings underscore the necessity for preparedness and response planning in the Pacific 
Northwest.

1.2 � Socioeconomic context

Research efforts seeking to identify priority response areas have placed considerable focus 
on physical vulnerability, using soil stability and architectural data to map earthquake dam-
age risk. In our previous study of earthquake vulnerability in the neighbouring city of Vic-
toria (Walker et al. 2014), we argued for the necessity of accounting for social and eco-
nomic vulnerability, as certain subpopulations may require more assistance due to limited 
material or social capital, health-related barriers to recovery, or a greater risk of injury 
following a major seismic event. This consideration has since been implemented in several 
more recent analyses, including Fallah et al. (2015), Bahadori et al. (2017), Banica et al. 
(2017), Armaş et al. (2017), and Jihye and Jinsoo (2019), all of whom used multiple social 
and/or socioeconomic variables or indices in modelling vulnerability to seismic events.

The City of Vancouver comprises a dense inner city surrounded by medium- and low-
density suburban neighbourhoods and features a mean population density of 5.4 thousand 
persons per square kilometre (Statistics Canada 2016). Its age distribution is similar to the 
Canadian average, although a disproportionately high proportion of the population lives 
alone (nearly 40% of all household; ibid). Although colloquially recognised as a wealthy 
city, in the year 2015, 3.8% of households had a post-tax annual income of less than CAD 
$5000, and the proportion of Vancouver residents in the low-income range (17.2%) is 
nearly double the Canada-wide rate (9.2%); among persons 65 years of age or older, this is 
nearly triple (14.6% in Vancouver, compared to 5.1% Canada-wide; ibid). Additionally, a 
comparatively high proportion of persons with no knowledge of an official language (6.8%, 
compared to the national average of 1.9%) may represent barriers for many to social and 
economic support. Nearly a quarter (23.3%) of all dwellings in Vancouver was built before 
1960, and 48.4% before 1980 (Statistics Canada 2016), which may also constitute a high 
risk of structural damage in the event of a major earthquake in the region.

In order to deploy professionals and volunteers efficiently and effectively, locations in 
the Vancouver metropolitan region must be prioritised, for example, to set up disaster stag-
ing areas and emergency shelters near vulnerable populations, such as those whose socio-
economic characteristics are outlined above. However, a significant challenge is posed by 
the prioritisation of various attributes representing vulnerability/importance, necessitating 
a formal framework for comparison and analysis.

1.3 � Multicriteria evaluation

In the context of disaster response, multicriteria evaluation (MCE) frameworks have been 
used in both scientific and governmental/planning spheres due their relative ease of imple-
mentation (Rashed and Weeks 2003; Akgun and Türk 2010; Martins et al. 2012; Walker 
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et al. 2014). Decision makers can select and assign arithmetic weights to decision variables 
by their perceived or measured importance. The quantified variable scores are then arith-
metically combined to produce suitability/priority scores for potential decision scenarios 
and alternatives (Malczewski 1999, 2006).

With the GIS-based MCE methodology, a decision problem is initially defined, typi-
cally taking the form of “where are the most suitable locations for X” (Malczewski 2006). 
A set of decision criteria deemed relevant to X are then selected. The simplest form of 
MCE requires that each candidate location be individually rated along a suitability scale, 
separately for each location in the study area. When conducted for all candidate locations, 
this results in a suitability map for each criterion (Rinner 2007). The assigned suitability 
scores are then arithmetically combined accordingly to a selected decision rule to compute 
a final suitability score for each candidate location. This process is shown in Fig. 1.

1.4 � Decision weights

Despite significant progress in recent years, studies found in the literature rely almost 
exclusively on factors being weighted by researchers or the semi-informed/non-expert pub-
lic, such that the weights assigned to decision variables/risk factors reflect their potentially 
limited knowledge and fail to incorporate more thoroughly informed expert knowledge 
from applied disaster planning domains. Several notable exceptions appear in the litera-
ture, including Sinha et al. (2016), who involved seven non-academic experts in conducting 
pairwise comparisons of selected risk factors to derive factor weights for an earthquake 
risk assessment in Delhi, India. These authors selected an intermediate-complexity mul-
ticriteria decision model, which while resulting in stable factor weights, required a MCE 
expert to facilitate the pairwise comparison and computation process. Delavar et al. (2015) 
asked five experts to directly rate hospitals’ seismic vulnerability on a single numerical 
scale, using the results to predict vulnerability for out-of-sample hospitals in Tehran. Nei-
ther of these studies describe the selected experts (e.g., their professional domains or lev-
els of experience), so it is unclear to what degree their professional knowledge was suf-
ficient for holistically informing the decision problems analysed. While these two studies 
made important progress by underscoring the importance of expert opinion, we argue that 
the elicitation of knowledge from a greater number of experts from a variety of related 
professional spheres is crucial to implementing a reliable MCE for disaster planning and 
management.

Fig. 1   Example of a multicriteria evaluation of nine candidate locations, with two decision criteria com-
bined using a weighted linear combination decision rule. Criterion A is weighted to be half as important as 
Criterion B
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A significant challenge arises in the need to strike a balance between several consid-
erations when designing multicriteria decision processes for disaster vulnerability and 
response. In addition to the need for expert knowledge, the algorithmic or statistical 
sophistication of a model, which might result in more quantitatively stable results, must 
be balanced against usability, such that a selected MCE tool or process should be usable 
in decision making circles without the need for a trained MCE expert facilitator. In their 
comprehensive review of decision making approaches to natural hazard management and 
planning problems, Simpson et al. (2016) highlight recent advances in advanced statisti-
cal MCE approaches such as Bayesian decision modelling, but underscore that expert 
judgement remains crucial for managing uncertainty. In this study, we argue that an eas-
ily replicable, expert-driven methodology, is crucial if it is to be used in real-world plan-
ning. Accordingly, we explore the use of a statistically simple approach to map earthquake 
experts’ knowledge about population vulnerability and critical infrastructure in Vancouver, 
Canada, in order to identify zones of elevated importance should a major earthquake occur. 
This knowledge is especially useful for optimising the placement of staging areas and 
emergency shelters, targeting initial post-earthquake reconnaissance missions, and mobilis-
ing professional and volunteer first responders and support teams.

1.5 � Data and methods

Based on previous published studies, the City of Vancouver’s Earthquake Preparedness 
Strategy (2013), and preliminary telephone discussions with eight non-academic earth-
quake experts from government and private enterprise, we selected 26 geographical fea-
tures and population characteristics relevant to earthquake response planning and grouped 
them into seven categories. The categories and their contingent features are shown in 
Table 1. Rather than using rates, we mapped the total population and the total number of 
persons in vulnerable categories, as the absolute number of individuals provide a better 
representation of total potential demand for emergency services.

Two groups of respondents were selected: A non-expert group and an expert group. 
These groups were contacted in early October 2015, and all surveys were completed 
between 14 and 29 October 2015.

1.6 � Expert survey

For the expert group, we compiled a list of 35 professionals in earthquake planning and 
response from private and governmental organisations in the Metro Vancouver area. We 
contacted each person by telephone or e-mail and asked them to participate in an anony-
mous online survey. They were first provided a brief description of the study and asked to 
provide feedback on the features and categories included prior to receiving the survey. The 
survey was updated based on their initial feedback, resulting in the categories and features 
shown in Table 1.

Each respondent was then asked to independently rate each of the 26 features on a Lik-
ert scale ranging from 0 to 5, where 0 indicates that the given feature has no importance 
to post-earthquake response and 5 indicates the highest importance. The respondents were 
then asked to independently rate each category as a whole, according to the same Likert 
scale. This scale was selected for ease-of-use and interpretation and to assess if a simple 
survey instrument is sufficient for capturing expert opinion. Following a visual evaluation 
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of the resulting frequency distributions, the median Likert scores for each category and for 
each feature were captured and used in the final analysis.

1.7 � Non‑expert survey

The non-expert group comprised five undergraduate geography students in a multicriteria 
evaluation course in Metro Vancouver. The students first conducted a review of the aca-
demic and non-academic literature on earthquake response and multicriteria evaluation for 
disaster response planning. This literature review included all articles cited herein and was, 
followed by group discussions facilitated by the lead author of this paper. The students 
were neither given any additional information, nor did they have contact with the expert 
group or see the expert survey results. We can therefore define this group as an informed, 
non-expert group of local resident stakeholders.

The non-expert group was asked to use an Analytic Hierarchy Process, facilitated 
using the AHP toolset in the geographical information systems software IDRISI Selva (v. 
17.2). The AHP method, which is described in greater detail by Saaty (1990), was chosen 
because its use of pairwise comparisons simplifies the selection of factor weights for non-
experts, despite its relatively complex calculation. AHP has been used in similar studies of 

Table 1   Categories and their 
selected features used in the 
multicriteria evaluation

Category Feature

Transportation infrastructure Bridges/tunnels
Major road network
Ferries
Skytrain lines

Utilities Water mains/pump stations
Reservoirs/dams
Sewage lines/treatment facilities
Oil/gas pipelines
Electrical transmission lines

Emergency services Fire service
Hospital
Ambulance service

Evacuation shelters Seismic-upgraded schools
Non-upgraded schools
Community centres
Convention centres
Major sports stadiums

Economic infrastructure Airports
Seaports
Railways/railyards

Neighbourhood socioeconomic 
vulnerability

Number of persons ages 65 + 
Total population
Number of persons in low-

income households
Number of persons with less 

than secondary school educa-
tion

Number of single-parent house-
holds

Soil liquefaction potential Liquefaction risk zones
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population vulnerability to earthquakes (e.g., Han and Kim 2019). The non-expert group 
rated every pairwise combination of features within each category, based on their per-
ceived relative importance (e.g., how important are fire halls compared to hospitals?). The 
non-expert group thereafter rated the categories, again using the pairwise comparison pro-
cedure. For each pairwise comparison, the group conducted deliberations in order to select 
a consensus-based pairwise weight. The lead author observed this process during their 
deliberations, but did not provide any input or feedback to the group.

1.8 � Multicriteria weight derivation

To assess differences in approaches to MCE for disaster planning, three separate MCEs 
were conducted: (a) one using equal factor weights; (b) a second using AHP-derived fac-
tor weights from non-experts consensus, and (c) a third using median-based factor weights 
derived from experts:

•	 MCE-Uninformed assumes that all factors are of equal importance, resulting in cat-
egory weights proportional to the number of factors selected for a given category. This 
model represents the most simple and easy-to-implement method, but should be inter-
preted as an uninformed approach to the multicriteria decision problem.

•	 MCE-Non-Expert is based on informed consensus among non-experts, i.e., the fac-
tor weights derived from the non-expert AHP. This is the most arithmetically complex 
method of the three used in this study and requires MCE expert facilitation.

•	 MCE-Expert is based on informed expert opinion, i.e., the survey results completed by 
disaster response and planning professionals. This MCE used the simple Likert scale, 
easily administrable online and requiring no facilitation.

We tabulated the survey results and visually examined the resulting response distribu-
tions for normality. As the Likert scale responses did not exhibit normal distributions, the 
use of mean and standard deviation as measures of central tendency was precluded (Sul-
livan and Artino 2013). Therefore, we calculated the median for each feature and each cate-
gory, and computed the Fleiss’ kappa score (exact method) to assess the level of agreement 
between respondents.

1.9 � Spatial data processing

We downloaded infrastructure data from Vancouver Open Data, BC Hydro, and DMTI 
Geospatial. Soil liquefaction risk data were acquired from the British Columbia Geological 
Survey.

We downloaded socioeconomic data for every census dissemination area (DA) in the 
study area for 2016, which is the most recent census year in Canada. A DA comprises a 
geographical area with 400–700 residents, the borders of which are selected to maximise 
within-DA demographic/socioeconomic heterogeneity, while adhering to administrative 
boundaries and street networks.

For all features except the census variables, their values were standardised on a scale 
from zero to one using a linear transformation (i.e., minimum value = 0; maximum 
value/2 = 0.5; maximum value = 1). For the census variables, we used a base 10 log-trans-
formation to improve normality of their respective distributions, which were heuristically 
and statistically assessed prior to modelling. Values with an anticipated positive effect on 
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response priority (e.g., social vulnerability represented by persons ages 65 +) were scaled 
positively, while those representing an inverse importance (e.g., income, such that high-
income populations are assumed to have greater economic resilience in the event of an 
earthquake) were scaled negatively.

In order to map the geographical distributions of the features and MCE results, we gen-
erated a hexagonal base grid over the study area, with a spatial resolution of 50 m (i.e., 
each hexagonal cell of the grid has a radius and side length of 50 m). All features were 
mapped using this grid. A hexagonal structure was selected because it provides a more 
accurate spatial representation of both discrete features and continuous surfaces when 
mapped, compared to the traditional square-cell raster grid (de Sousa and Leitão 2018). All 
point features were assigned to the hexagon in which they were contained, and all polygon 
features were assigned to the hexagon containing the highest proportion of their total area.

To produce the final three MCE maps, we overlaid all hexagonal feature grids and arith-
metically weighted and combined them as shown in Fig. 1. All map preparation was com-
pleted using ESRI ArcGIS (v. 13).

2 � Results

As observed by the lead author, the non-expert group reached consensus for all pairwise 
combinations of features, resulting in the factor weights shown in Table 2. However, the 
group decided after extended discussion that all categories had equal importance, acknowl-
edging that they lacked sufficient expertise in disaster response planning and management 
necessary to prioritise one category over any other.

Twenty-seven expert surveys were completed, for a total of 866 data points. There were 
12 instances of a missing response. Missing responses were randomly distributed across 
respondents, categories, and features. Missing values were therefore individually excluded 
from the analysis. The resulting Fleiss’ kappa score of 0.144 (27 expert rating on 33 sub-
jects) indicates mild agreement of ratings among respondents. The resulting category and 
factor weights are shown in Table 2.

The resulting maps display some similarities corresponding to the locations of fea-
tures selected for the study. As shown in Fig. 2, the uninformed (equally weighted) model 
indicates several high priority locations in the downtown area and along the primary 
north–south and east–west traffic corridors. This model resulted in comparatively high 
importance assigned to many areas dispersed throughout the study area, including along 
arterial roads and secondary commercial zones along the eastern periphery of the study 
area, e.g., bordering the neighbouring city of Burnaby. The main bridges connecting the 
downtown area with central Vancouver were not highlighted, although these are likely to 
be crucial for earthquake response efforts.

The map displaying the informed non-expert MCE results show distributions of prior-
ity areas (Fig. 3) similar to those on the unweighted map. The large high-priority region 
bordering the Salish Sea and Richmond in the south-west corner of the study area reflects 
the disproportionately high risk associated with liquefaction potential assigned by the non-
expert group. Priority areas are more geographically dispersed in the non-expert results 
than in the unweighted results. Some areas featuring higher importance scores are observed 
in the eastern half of the study area, where more low-income neighbourhoods are located.

The expert-weighted MCE results are shown in Fig. 4. As in the unweighted and non-
expert MCE results, the downtown area contains several high-priority locations, as well 
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as the major north–south and east–west traffic corridors. Fewer areas exhibit high priority 
than in the previous two MCE models, indicating a more precise definition and focus on 
zones where disaster response teams might be deployed. For example, the expert results 
highlight high-density traffic and economic centroids in the central business district (e.g., 
the central train station and the stadium), without the immediate surroundings (primarily 
high-density residential towers and office towers) being identified as priority zones.

Figure 5 displays the differences between the non-expert and the expert MCE results. 
Blue (negative values) indicate that expert scores are higher than non-expert scores, 
whereas yellow (positive values) indicate that the non-expert scores are higher. The results 
indicate that non-experts rated liquefaction risk as a relatively important variable, while 
experts indicated higher importance for evacuation centres, which appear as blue hexagons 
dispersed throughout the study area. There are also small differences corresponding to a 
relatively lower importance given by experts to socioeconomic vulnerability. However, the 

Table 2   Category and factor weights derived from the non-expert consensus and expert survey

Category Category weight Feature Feature weight

Non-expert Expert Non-expert Expert

Transportation infrastructure 0.1428 0.1739 Bridges 0.2500 0.3077
Major road network 0.2500 0.3077
Ferries 0.2500 0.2308
Skytrain lines 0.2500 0.1538

Utilities 0.1428 0.1739 Water mains 0.2000 0.2105
Reservoirs/dams 0.2000 0.2105
Sewage lines/treatment facili-

ties
0.2000 0.2105

Oil/gas pipelines 0.2000 0.1579
Electrical transmission lines 0.2000 0.2105

Emergency services 0.1428 0.1739 Fire service 0.3420 0.3333
Hospitals 0.2885 0.3333
Ambulance service 0.2885 0.3333

Evacuation shelters 0.1428 0.1304 Seismic-upgraded schools 0.162 0.2857
Non-upgraded schools 0.162 0.1429
Community centres 0.162 0.2143
Convention centres 0.162 0.2143
Major sports stadiums 0.162 0.1429

Economic infrastructure 0.1428 0.1304 Airports 0.3333 0.3333
Seaports 0.3333 0.3333
Railways/railyards 0.3333 0.3333

Neighbourhood socioeco-
nomic vulnerability

0.1428 0.1304 Persons ages 65 +  0.2129 0.2353
Population 0.2679 0.2353
Persons in low-income house-

holds
0.4786 0.1765

Persons with less than second-
ary school education

0.0484 0.1765

Single-parent households 0.0485 0.1765
Soil liquefaction potential 0.1428 0.0870 Liquefaction risk zones 1.0000 1.0000
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Fig. 2   Unweighted MCE results (equal weights for all features and categories, representing an uninformed 
decision model)

Fig. 3   Non-expert-weighted MCE results derived from the informed non-expert group using AHP method-
ology
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Fig. 4   Expert-weighted MCE results derived from informed expert group responses to the Likert scale 
questionnaire

Fig. 5   Difference map obtained by subtracting expert scores from non-expert scores
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predominantly residential areas across the study area (appearing as a green background 
intersected by the light-green road grid) do not appear to differ in importance between the 
two. The perimeter of Stanley Park, the northernmost prominence in the study area, fea-
tured a noticeable difference of importance scores, although this area features a low-capac-
ity two-lane road and very few points of economic interest.

3 � Discussion

There are similarities among the three MCE models, in that all three highlighted prior-
ity zones in the easternmost section of False Creek, an area comprising the high-capacity 
Cambie Bridge, an arena and football stadium, and many utilities and points of economic 
importance. Main north–south transportation routes and economic cores also featured 
prominently in the results, and both the expert and non-expert participant groups produced 
similarly criterion weights for senior populations and total populations.

However, several geographical differences are notable and may indicate significant 
implications for resource allocation in post-disaster response scenarios. Relative to the 
non-experts, the experts tended to prioritise immediate response measures (e.g., evacuation 
shelters and emergency services) over socioeconomic vulnerability. As a result, the expert-
derived map indicates more precise locations for response priority, which is likely to be of 
greater value for planning purposes, such that distinct zones can be identified in advance 
and response staging areas established.

In the case of emergency services, we see more variation among the non-expert group, 
which was also observed as uncertainty during that part of their deliberation process. The 
ways in which emergency services are utilised and potential barriers to their deployment 
during a major earthquake were areas of significant uncertainty, and the non-expert group 
consensus was characterised by a low degree of confidence in their ability to select accu-
rate weights. High uncertainty was also observed, while they sought to specify an appropri-
ate weight for bridges.

The non-expert group’s knowledge stemmed mainly from a brief review of the relevant 
academic literature, resulting in a degree of distance from the practise of disaster manage-
ment. As such, more abstract variables, such as socioeconomic status, were given relatively 
high priority. This was clearly evident during the deliberation process, in which members 
of the non-expert group routinely referred to academic articles. The nature of scientific 
publishing and its focus on methodological and theoretical advancement may therefore 
have disproportionately preconditioned the non-expert group to assign higher weights to 
more abstract variables. Similarly, this non-expert group, comprising university students, 
exhibited strong interest in the methodological sophistication of AHP compared to the 
expert group, who indicated that the use of a Likert scale and the mapping of median val-
ues was sufficient for capturing expert knowledge and opinion.

However, several similarities in the results (e.g., shelters and utilities) indicate that the 
importance of certain features was accurately assessed by the non-expert group. Addition-
ally, several clusters of priority are common between both maps, particularly around the 
downtown and primary north–south traffic corridors. These similar results may indicate 
that the use of informed non-expert knowledge also may be valid for planning and response 
purposes, although we nevertheless underscore the necessity of experiential, professional 
knowledge and opinion in this process.
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An important consideration in the interpretation of our results is the concept of trade-
off, wherein the diminishing effect of a relatively low category score can be overridden 
by relatively high weights assigned to its constituent variables. For example, compared to 
non-experts, the expert group assigned a lower category weight to evacuation shelters, but 
a higher weight to its individual variables.

3.1 � Study limitations

Weighted linear combination is conceptually simple and easy to implement, making this 
an attractive methodology for non-experts. However, the use of the simplest variant, the 
unweighted (uninformed) WLC model, induces a high degree of sensitivity to the number 
of factors in each category, i.e., a category with more factors will be disproportionately 
weighted against a category with fewer factors. The selection and categorisation of fac-
tors therefore constitutes an important consideration in the model-building process. Fur-
thermore, the WLC decision rule assumes that all criteria can be traded-off for another; 
a high suitability according to criterion A can compensate for a low suitability accord-
ing to criterion B. A significant barrier in the use of MCE is that this approach brings an 
implicit assumption that features/factors can be reasonably measured against one another, 
and that degrees of trade-off between factors are logical. However, in the context of dis-
aster response planning, the features and categories used in this study cannot necessarily 
compensate for one another; i.e., an ambulance cannot function as a fire rescue vehicle. As 
such, detailed qualitative consideration of each feature’s purpose and means of use in the 
event of an earthquake is essential to planning. Alternatively, the implementation of quan-
titative trade-off decision rules (e.g., Ordered Weighted Averaging) may improve model 
accuracy, although the correct use of such tools requires close expert facilitation, because 
they are arithmetically and conceptually complex.

It has long been understood that the definition of criteria and categories constitutes a 
vital step in the MCE model design process, in which data availability often plays a central 
role (Malczewski 2000). The necessity for decision criteria to be comprehensive, opera-
tionalizable, mutually independent for the purposes of modelling, and non-redundant poses 
further challenges in light of the need for MCE models to be utilisable, e.g., with a mini-
mal number of decision criteria (Keeney 1980). The spatial units for analysis also impact 
MCE results, due to both the size and configuration of, for example, census areas or the 
hexagonal grid used in this analysis; this issue is more widely recognised in geographic 
information science as the modifiable areal unit problem. The use of small-area census data 
induces several sources of potential error. The modifiable areal unit problem formalises the 
ecological fallacy in this context, such that absolute boundaries between census dissemina-
tion areas fail to represent gradients and within-unit heterogeneity, for example, in areas 
that feature mixed-density housing and greenspace. Given these limitations, Malczewski 
(2000) argues that MCE is more suitable for exploratory decision analysis than prescriptive 
assignment of optimal locations for a given decision problem.

The use of separate methods to derive factor weights from non-expert and expert 
respondents limits their comparability and prevents any quantifiable or robust inference 
addressing potential differences in prioritisation between the participant groups. However, 
this approach enabled us to explore consensus building among informed laypersons and 
contrast the results against those generated by experts. Due to our emphasis on anonymity 
and participants’ time constraints, we were not able to hold focus groups or ask experts to 
develop consensus in groups. Future research should focus on deriving more qualitative 
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and contextual information from expert participants, and engagement of relevant policy-
makers may be a valuable element of future study.

In order to improve the accuracy of spatial multicriteria models and the degree of 
nuance with which they represent human decision making, further analysis should imple-
ment more nuanced weighting functions (e.g., implementing non-linear standardisation 
functions to better approximate the importance of a given feature/category) and trade-off 
capabilities (e.g., Ordered Weighted Averaging). The core challenge in employing these 
more sophisticated methods is that they greatly increase model complexity, requiring close 
facilitation when working with disaster planning and response experts. For example, in 
order to implement a logistic function to model the importance of socioeconomic vulnera-
bility, the steepness and thresholds of the function require careful consideration and discus-
sion in order to correctly parameterise the function. These values are best generated from 
a combination of statistical analysis and qualitative heuristics, for which expert experience 
and opinion are vital.

The selection of decision criteria was significantly impacted by data availability, for 
example, the capacity of emergency services and earthquake response teams and their 
respective spatial distributions, which may play a significant role in the allocation of 
resources immediately following a major seismic event.

Another important opportunity for model improvement lies in the development of local 
factor weights, which enable certain geographical areas to be weighted according to local 
factors, such as cultural or economic importance (Malczewski 2011; Malczewski and Liu 
2014). Similarly, however, the implementation of local weights is more statistically com-
plex than the methods used in this study and may significantly limit the usability of an 
MCE approach for applied disaster response planning.

4 � Conclusions

In this paper, we present an expert-driven and replicable methodology for conducting 
GIS-based multicriteria evaluation (MCE) to support earthquake planning and response 
operations. The tools and methods can be easily replicated with free open-source data 
and software, and do not require MCE expert facilitation or complex arithmetic/statistical 
calculations.

By contrasting equally weighted, non-expert-weighted, and expert-weighted MCE 
results, we observed differences in the locations and scores that are highlighted on their 
respective maps and that indicate the need to leverage expert opinion in the spatial decision 
process. While the inclusion of expert opinion necessitates additional time and effort, the 
differences between uninformed, non-expert, and expert models highlighted in our results 
demonstrate that expert input may significantly impact the results and their implementa-
tion in planning and response. Highlighting geographical zones of increased importance 
can play an important role in the spatial allocation of resources (e.g., seismic upgrades 
to existing structures, location allocation for emergency services and volunteer brigades, 
information campaigns for particularly vulnerable populations, soil stability testing), while 
also serving as a potential tool for citizen engagement and education (e.g., emphasising the 
need for household/business evacuation plans and response kits in vulnerable areas).

We assert that GIS-based MCE can provide a useful means of identifying priority 
zones, and furthermore, may be a useful tool for urban planning and location analysis of 
emergency services in earthquake risk areas. However, a balance between ease-of-use, 
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comprehensiveness of decision criteria, and validity of factor weights is crucial for cor-
rectly informing spatial decisions in the context of natural hazard planning and response, 
and call for further research to improve the application and usability of expert-driven MCE, 
particularly in low-resource, high-risk settings.
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