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ABSTRACT Data relevant to flood vulnerability is minimal and infrequently collected, if at all, for much
of the world. This makes it difficult to highlight areas for humanitarian aid, monitor changes, and support
communities in need. It is time consuming and resource intensive to do an exhaustive study for multiple
flood relevant vulnerability variables using a field survey. We use a mixed methods approach to develop a
survey on variables of interest and utilize an open-source crowdsourcing technique to remotely collect data
with a human-machine interface using high-resolution satellite images and Google Street View. Finally, we
perform an inter-rater agreement to assess if this technique provides consistent results. This paper focuses
on Quito, Ecuador as a case study, but the methodology can be replicated to produce labeled training data
in other areas. The overall goal is to advance methods to help build training datasets that allow for assessing
and automating the mapping of flood vulnerability for urban areas.

INDEX TERMS Buildings, crowdsource, data collection, hazard, infrastructure, vulnerability.

I. INTRODUCTION

Flood risk occurs at the intersection of hydrologic condi-
tions and exposure, with vulnerability indicating the propen-
sity for loss. Urban flood vulnerability is multidimensional
and encompasses many aspects such as physical, socioe-
conomic, and institutional [1]. Understanding the drivers
of flood vulnerability in cities is crucial as globally ur-
ban populations continue to grow rapidly. In 2018, 55%
of the world’s population lived in urban areas and by
2050 the urban share of the global population is pro-
jected at 68% [2]. Floods are specifically exacerbated by
urban environments where limited surface water infiltra-
tion and poorly maintained drainage systems increase risk

[31-[5].

Flood vulnerability assessment methods range in
complexity and approach. Researchers have used regression
methods to quantify the contribution of possible explanatory
parameters to aspects of flood impact such as damage [6],
probability to suffer flooding [7], or inundation frequency
[8]. Multicriteria GIS methods combine several different
standardized factors, often weighted by relative importance,
using sets of rule-based algorithms to determine areas of
flood vulnerability [9]. Some flood models are based solely
on hydrologic and hydraulic parameters [10]. Integrated and
multiple vulnerability assessments examine multiple domains
of vulnerability such as physical, ecological, technological,
and social [11]-[13]. Vulnerability curves relate the intensity
of a process (e.g., water depth, velocity, or flood duration) to
the corresponding degree of loss [14]-[16]. Many different
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flood vulnerability indices exist, which combine a set of
standardized indicators to produce an overall vulnerability
score [17], [18]. Data Envelopment Analysis (DEA) has been
used to obtain a flood social vulnerability index to which
further statistical analysis could be applied [19].

Regardless of specific analytical tools, all the above meth-
ods are heavily dependent on data availability, accessibility,
and quality, which is often poor in highly vulnerable areas.
Moreover, data can be incomplete and/or inconsistent [20]
or not available at all. Therefore, alternative crowdsourcing
methods can be used to provide fast, easy, and cheap data col-
lection. The reliability of crowdsourced collection techniques
can be assessed through statistical methods such as inter-rater
agreement and intraclass correlation agreement used to assess
quality, integrity, and reproducibility. We present this study
as a data driven analytic approach to bridge a mechanical
turking method with the development of training data that can
be used in damage modeling or machine learning based flood
vulnerability analysis.

Ecuador is a country with diverse terrain with coastal,
mountain, and rainforest regions. Approximately 9 million
inhabitants of Ecuador live in urban areas, with 96% of
these populations living in coastal and mountainous regions
[21]. The most densely populated areas of Ecuador are also
where significant risk of natural hazards exists, including
the largest metropolitan areas of Quito and Guayaquil [21].
We select the city of Quito, Ecuador as a case study to test
out our methodology. Quito is a high-altitude urban envi-
ronment with 2 million people situated in mountains and
valleys surrounded by steep terrain. Many people are ex-
posed to flooding, however the level of exposure varies con-
siderably due to both geophysical and socioeconomic fac-
tors [22]. The concentration and growth of population in ur-
ban areas increase the level of exposure to adverse natural
events, in particular the evolution of the informal settlement
areas [23], [24]. Quito is situated in a watershed basin in a
mountainous area that is highly vulnerable to flooding, es-
pecially flooding that is triggered by heavy rainfall events
[25]. The combination of small catchments with large areas
of impervious surfaces and short flow concentration timing
causes rivers to rapidly overflow into the built environment
and for drainage systems to collapse [26]. This causes se-
vere damage to civil infrastructure, housing, and agriculture,
health impacts and disruption to communication and other
systems.

In this study, we design a survey and develop a Mechanical
Turking approach to capture street-level variables associated
with flood vulnerability from Google Street View (GSV) and
satellite imagery [27], [28]. A team of researchers with GIS
experience were tasked with selecting appropriate variables
to collect, building a consistent dataset by development of
a standardized codebook and evaluation, and conducting the
data collection through the local Mechanical Turk (MTurk) in-
terface [29]. The constructed dataset will provide the training
data for a machine learning model to estimate flood vulnera-
bility in urban areas.
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GSV is a feature within Google mapping products which
allows users to interact with panoramic views of the Earth’s
surface [27]. Google collects street images using panoramic
cameras, and in addition, displays images that are contributed
by the public. Initially released in May 2007 for five U.S.
cities, GSV included Quito in November 2015 and has con-
tinued to update imagery as of 2021 [30], [31]. By 2019,
GSV had reached more than 10 million miles of global street
coverage [32], [33]. A study on GSV in Latin American cities
found GSV available about half the time within 100m of the
2019 OpenStreetMap (OSM) road layer [34].

Early studies of virtual audit tools using GSV confirmed
reliability in relation to physical audits [35], [36] and demon-
strated the use of remote sensing alongside GSV [37]. Sam-
pling approaches have been developed to ensure that neigh-
borhoods of different socioeconomic characteristics are rep-
resented [38]. Another study on neighborhood conditions
found agreement across raters through their GSV linked web-
application as a cost-effective virtual audit tool [39]. Virtual
audits have assessed the performance of collection at one
point of view instead of along a road segment [40] and the
potential for longitudinal studies [41].

There is a growing body of research acknowledging GSV
as a component of flood vulnerability assessment. GSV has
been used to collect physical building characteristics that con-
tribute to flood vulnerability based on visual inspection of the
imagery [7], [15], [42], [43]. Collection methods range from
visual inspection by a user, to deep learning methods trained
to pick out specific features in the images. For example, using
a neural network to detect doors from GSV images, estimate
the doors’ 3D coordinates relative to the camera’s center, and
automatically calculate the elevation of the door bottom edge
[44]. Building footprints derived from inspection of satellite
imagery and cadastral data have been cross-checked against
GSV imagery to fill gaps in or validate data [6]. One study
found a high reliability of using GSV to assess physical vul-
nerability when compared to ground control points from a
field survey [42]. Validation of GSV data collected in flood
vulnerability research is relatively uncommon.

Physical building characteristics acquired through GSV can
be used as variable inputs for regression [7], vulnerability
curves [15], as well as for flood loss estimation models [43].
The use of GSV in combination with available local building
data may improve accuracy of physical building character-
istic inventories. A study by Mostafiz et al. [43] suggested
that data collected from GSV, combined with a local county-
level building inventory, and the 2019 National Building Cost
Manual, enhanced estimates for building attribute variables,
particularly building replacement cost and foundation height.
These improvements when compared to attribute data in the
National Structure Inventory (NSI) 2.0 potentially contributed
to better flood loss estimation accuracy [43].

Il. METHODS AND PROCEDURES
We utilize a free, open-source local computer version of Me-
chanical Turk (MTurk) [45] as a platform to collect variables
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Survey Design

1. Define variables
2. Standardize through codebook
3. Develop template task script of survey variables

Selection of Sample Sites

1. Create random points in urban area
2. Ensure point near building
3. Ensure point has GSV coverage

MTurk Setup

1. Export remote sensing images for each point
location from GIS and load in AWS
2. Install Local MTurk
3. Run module with template task script

Data Collection and Analysis

1. Use MTurk to collect data for each location
2. Evaluate data collected for each variable
3. Visualize variables in context

FIGURE 1. Flowchart of the methodology from survey design and site
selection to the MTurk setup for data collection and the analysis of
variables.

by expert GIS researchers in our team. An interface using
the MTurk environment was implemented with two primary
inputs: 1) a survey document that includes our variables of
interest for collection, and 2) geographic coordinates associ-
ated with remote sensing imagery and GSV. Fig. 1 outlines
our methodological process and corresponds to the following
sections.

A. SURVEY DESIGN

We employed a mixed methods approach and drew on qual-
itative research to design a survey instrument to collect con-
sistent flood vulnerability variables that could be pulled into
MTurk [46]. Through a literature review of flood risk, we
selected variables that are critical in flood risk assessment,
particularly those occurring in urban settings [47]-[50]. While
the final variables are not exhaustive of all flood-risk factors,
we determined that the following list of variables can be
collected using GSV imagery and are relevant for Quito. Fur-
thermore, some of these variables, such as building typology,
adjacency to other buildings, structure materials, and number
of floors (stories), had already been collected from GSV in
prior research [7], [S1]-[53]. List of variables:

Number of floors [47], [53]

Sill height [54]

Roof type [54]

Building typology (e.g., residential) [51]
Street material (e.g., cobble, gravel) [47]
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Structure attached to adjacent building [52]
Building material [7]

Overall building condition [47]

Occupancy status

Street slope [47]

To ensure consistency in data collection during the turking
process, we were faced with the need to standardize variables.
The flood vulnerability variables are classified in a codebook
consisting of a written definition and reference images. The
authors select the GSV reference images for each variable
from several global case studies in order to create a codebook
that is relevant for all regions. Definitions are compiled from
common construction industry descriptions, then discussed
and agreed upon among the authors. A portion of this code-
book is shown in Table 1 below while the entirety can be found
in Supplemental Table I.

We developed a simple HTML script to collect these vari-
ables through the mechanical turk process. Turkers are able to
view the satellite remote sensing imagery simultaneously with
its Google Street View of each sample location. The script can
be modified when adjustments to the survey are needed and
distributed to all participants to run the modules on their own
local computers.

B. SELECTION OF SAMPLE SITES

We generated 500 random sample points inside the district
boundaries of Quito in ArcGIS. These points were exported as
a delimited text file and distributed between four GIS users to
ensure that each point is near a building and has GSV coverage
in order to complete the turking process. A high-resolution re-
mote sensing layer was used to observe if the points were near
building locations. If a point was not near a building location,
it was moved to the closest buildings. We also verified that the
points were located close to buildings with GSV coverage.
If a GSV coverage and building layer are available, then this
process could be expedited by constraining the random point
generation to within a buffer of the layers.

C. MTURK SETUP

Turking is a form of crowdsourcing which breaks down tasks
into simpler components. These focused tasks are then dis-
tributed to multiple individuals. The turking platform facili-
tates a convenient approach to respond to the tasks and record
the inputs [29]. Turking approaches have had a wide range
of applications, from assessing comprehensibility of medical
pictograms [60] to studying sidewalk accessibility problems
in concert with GSV [61]. Turking approaches can also be
informed by traditional survey methods to ensure that appro-
priate questions are being asked.

Our setup for MTurk requires input of the survey template
we designed through the literature and the 500 geographic
coordinates of our sampled points. In addition, we export an
image of a high-resolution satellite remote sensing basemap
for each point from ArcGIS using Data Driven Pages to cap-
ture each footprint at an appropriate scale to view the building.
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TABLE 1. Codebook Definitions of Select Variables Collected Through the
Turking Process

Variable 1: Building conditions measuring the
functionality of the structure.

(1) Very poor: Requires major restoration with
possible need to overhaul building subsystems.
The approximate restoration cost is 45-60% of
building replacement value [55].

(2) Poor: Requires significant updating or
restoration. The approximate restoration cost is
30-45% of building replacement value. The
physical conditions adversely affect building
operations [55].

(3) Fair: Requires updating or restoration. The
approximate restoration cost is 15-30% of
building replacement value. The physical
conditions may influence building operations
[55].

(4) Good with minor defects: The approximate
restoration cost is 5-15% of building replacement
value [55].

(5) Very Good: The approximate restoration cost
is less than 5% of building replacement value [55].

Variable 2: Type of roofing material, as an
indicator of socioeconomic status.

(1) Corrugated metal: Galvanized sheet iron or
sheet steel shaped into straight parallel regular and
equally curved ridges and hollows [56].

(2) Tile: Roof tiles are often made from local
materials such as terracotta or slate. Modern
materials such as concrete, metal and plastic are
common, and some clay tiles have a waterproof
glaze [57].

(3) Thatched, or palm leaves: Roof with dry
vegetation such as straw, water reed, sedge, rushes,
heather, or palm branches [58].

(4) Gravel: layer added to the “build-up roof.” A
layer of gravel, or small stones, is applied on top
of the final coating of asphalt to protect the roof
from the elements, including ultraviolet (UV) rays
and hail. The gravel is embedded into the topcoat
of asphalt, which helps the gravel to stay in place
[59].

These images are loaded into Amazon Web Services (AWS)
as data to be accessed by link from MTurk.

We installed a local version of MTurk by Danvk [45]
through GitHub that enables the automated turking setup on
your own computer. We decided to use this environment to
increase the likelihood of consistent results from trained users
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Building / Structure Information
Select a Sill Height
None, Ground Level - Low, 1-6" -~ Medium, 7-12"

High, 12-18" - Not Applicable

Detached — Semi-detached — Attached

Not Applicabl
1 ¢ Number of Floors
Building Condition, Status and Material
Very Poor -~ Poor -~ Fair -~ Good with Minor Defects ~ Very Good
Under Construction — Masonry or Cinder Block — Wood Construction — Brick — Steel
Occupied - Vacant - Cannot determine occupancy
Roof Type

Corrugated Metal — Tile — Thatched or Palm Leaves — Tar - Gravel — Other:

Land Use

Residential -~ Commercial — Agricultural — Industrial — Natural — Other:

Street Information

Flat or Low Slope ~ Medium Slope ~ Steep Slope
o 2 Number of Drains Visible

Paved Street (Asphalt) — Cobble or Cement Blocks

Dirt or Gravel — Potholes — Other:

Google StreetView Not Available

Submit

FIGURE 2. Turking survey interface.

in our group of GIS specialists. This set up design allowed
us to continue the development of the survey questions and
ensure that the results would be deemed as reasonable.

We ran the local MTurk module with the template task
script for our locations of interest. As shown in Fig. 2, the sur-
vey document interface uses the HTML template task script
that pulls from the list of sample sites and includes both the
AWS link to the footprint image and a link to GSV for the
turkers to review the area further.

D. DATA COLLECTION AND ANALYSIS
The team collected data at each geographic coordinate marked
sample site point by examining the corresponding GSV image
and recording variable characteristics using our survey. Some
responses allowed for a free form “Other” response if the
selection was not available. In certain cases, the team found
that open responses were sufficiently common to justify an
updating of the survey template to incorporate these changes.

We evaluated the data collected for each variable through
exploratory analysis, mapping, and statistical methods. This
step ensured the reasonableness of the variables and provided
checks in a few spots in GIS. We visualized the collected data
in ArcGIS to identify initial spatial patterns of the flood vul-
nerability variables (e.g., number of drains in Fig. 4). Finally,
we performed inter-rater agreement and intraclass correlation
to evaluate consistency for a sample.

While validity is about the accuracy of a measure, reliabil-
ity indicates the consistency of a measure [62]. The method
used in this study is inter-rater reliability, which calculates a
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measure of agreement that the same response is obtained by
more than one rater [63]. Reliability values range from 0 to 1,
and values closer to 1 indicate greater reliability [64]. Two
methods were needed to calculate the statistical reliability
due to having variables with different data types. Since our
data consisted of categorical, ordinal, and continuous data
types, two different reliability methods are used; the Fleiss’
kappa [65] is applied for the categorical and ordinal data, and
the Intraclass Correlation Coefficient (ICC) is applied for the
continuous data [66].

First, Fleiss’ kappa is a measure of inter-rater agreement
used to determine the level of agreement between two or more
raters in which the data are categorical or ordinal [67]. Fleiss’
kappa is a modified version of Cohen’s kappa used for more
than two raters [68]. We used the inter-rater agreement Fleiss
method since there were four evaluators.

Second, for continuous variables, the ICC is used instead.
This study considered three factors: 1) model, 2) type se-
lection, and 3) definition selection to determine which ICC
model best suits the study’s needs. The ICC model deter-
mined as the most appropriate was the two-way random ef-
fects, absolute agreement, and multiple raters/measurement,
known as the ICC (2, k) [47]. The ICC (2, k) formula (MS;ows
— MSeror/MS;ows) is used to calculate intraclass correlation
based on two-way random effects for consistency between
multiple raters/measurement. The interrater was calculated for
nine variables, while the intraclass correlation was calculated
for two variables (e.g., number of drains and floors).

The research team collected data on the same 50 locations
from the 500 randomly sampled images of Quito, Ecuador.
Each researcher independently rated each image based on sill
height, building structure, number of floors, building/house
material, occupancy, roof type, land use, slope, number of
drains, and street description, etc. Thus, one researchers’ judg-
ment did not affect another researcher’s judgment and choice.
However, a codebook was developed beforehand to specify
how to categorize each variable and promote consistency.
Each rater had the same number of categories to choose from
with mutually exclusive categories. For example, sill height
categories were none, low, medium, and high. Raters could
select building structures as either semi-detached, detached,
or inapplicable, and building conditions were categorized by
poor, fair, good, or very good. Roof types, classified as be-
ing either gravel, tile, corrugated metal, or hatched leaves.
Land use categorical description options were commercial,
residential, natural, or industrial. The slope was defined as
either none/low, medium, or high, and the street description
was categorized as paved and with potholes. Fleiss’ kappa
was applied to the aforementioned categorical variables. The
ICC (2, k) was applied to the number of drains and the
number of floors as they are the only continuous data in this
study.

1Il. RESULTS
The mechanical turking approach resulted in an alternative to
the utilization of on-the-ground field surveys. We collected
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FIGURE 3. Example of building point with corresponding remote sensing
image and GSV.

data for 458 points in Quito and were unable to collect data
for 42 points, either because the sampled points were dupli-
cated by being too close together or GSV coverage was not
available. In the present case study for Quito, the average time
for the turking process was 3—5 minutes per point with each
location having 12 variables to collect.

The top half of Fig. 3 shows an overview of the surround-
ings from a satellite imagery basemap. This image helps to
add context about the building location and environment. The
bottom half of Fig. 3 shows a GSV panoramic image, for
the same location, that can be used to move along the street
similar to a Google Map environment. Viewing both the satel-
lite and street-level views helped the collection of data about
the roof type, street material, land use, and slope. Navigating
the street with the coverage provided by GSV particularly
allowed for the collection of information about the sill height,
slope, number of drains, building condition and material, and
number of floors.

The data collected about the variables were visualized as
seen in Figs. 4 and 5. These are just two examples to demon-
strate the data that were collected. The visualizations illustrate
the ability to quickly capture characteristics of the city rele-
vant to flooding from anywhere GSV is available.

The map depicted in Fig. 4 shows the number of drains
found at each point surveyed through the mechanical turking
process. The darkest blue points show locations of buildings
where drains were not visible at the street level, suggesting a
lack of drains along the periphery of the city. In particular, the
southwest part of Quito shows an area of low density of drains
in areas that are populated. This could indicate a higher grade
of vulnerability to flooding in that area. The light blue colored
points represent the location of buildings where drains were
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FIGURE 4. Map of variable collected on number of drains visible at
specific point locations.

o~

Number of Floors

e 12

FIGURE 5. Map of observations collected on the number of floors at point
locations.

visible; most of these occur close to the center of the city of
Quito.

Fig. 5 shows the spatial distribution of the sampled build-
ings, with darker green representing buildings with more
floors (stories) and lighter green indicating those with fewer
floors. The periphery of the city, in particular the southeastern
part of Quito in the inset, shows a cluster of low-height build-
ings but almost no taller buildings. The spatial distribution of
this data across Quito is valuable for flood risk assessment as
the number of floors is a commonly used variable [47].
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TABLE 2. Summary of Variables By Data Type (Categorical = Yellow,
Ordinal = Blue, Continuous = Red) with List of Categories for Each
Variable and Number of Categories

Variable Entry Options | #

Building Masonry/Cinder Block, Wood,

Material Brick, and Steel 4
Corrugated Metal, Tile, Thatched or
Palm Leaves, Tar, Gravel, Concrete,

Roof Type and two or more categories 7
Asphalt, Cobble or Cement, Dirt or

Street Type Gravel, Pothole 4
Residential, Commercial, Natural,
Agricultural, and two or more

Land Use categories 5

Structure Detached, Semi-Detached,

Type Attached, Non-Applicable 4

Occupancy Occupied, Vacant, and Cannot

Status Determine Occupancy 3
Ground Level, Low (1-6), Medium

Sill Height (7-12), High (12-18) 4

Building Very Poor, Poor, Fair, Good with

Condition Minor Defects, and Very Good 5

Street Flat or Low Slope, Medium Slope,

Topography | Steep Slope 3

Floors Number of Floors

Drains Number of Drains 17

The data we collected are relevant for analysis of flood
risk in Quito. For example, the number of drains (Fig. 4)
relates to the status of existing infrastructure to counter floods
surrounding a building. Cursory observation of Fig. 4
demonstrates that drain coverage varies greatly in Quito -
some areas lack drains while others have several. This vari-
ability in infrastructure is relevant for decision-makers and
emergency management, allowing them to take into account
building and street-level variables for spatial flood risk as-
sessment. Furthermore, the ease of data collection without the
need for in-situ observation potentially reduces the financial
and capacity burden for emergency management.

Finally, a codebook was produced to describe the meaning
of the variable categories to facilitate consistency in rating.
Each observer used this codebook as a reference guide. A
selection of the variables is shown in Table 2 with their data
type and category options.

Next, the results were accumulated, and the average is given
for the overall score. The overall kappa agreement for this
study was moderate to substantial between the four observers
with ax = .79. The kappa agreement for each category ranges
from .54 to .98 (see Table 3). The kappa statistic is influenced
by disagreement among classes with a low prevalence of
responses, see Supplementary Table II for the breakdown of
responses per variable.

We found that low kappa levels were often due to individual
raters selecting two or more categories for a particular vari-
able. For example, one rater can choose that the roof type has
corrugated metal and cement, while another can only select
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TABLE 3. Calculation of Interrater Reliability Kappa Result

Variable Kappa (»)
Building Material 0.94
Roof Type 0.83
Street Type 0.87
Land Use 0.88
Structure Type 0.64
Occupancy Status 0.80
Sill Height 0.66
Building Condition 0.54
Street Topography 0.79
Sum without intraclass

correlation 6.94
Number of variables 9
Interrater without intraclass

correlation 0.77
Floors 0.98
Drains 0.80
Sum with intraclass

correlation 8.73
Number of variables 11
Interrater with intraclass

correlation 0.79

cement. One could improve this score by only permitting the
selection of one category and providing a more conservative
selection. This could mean only distinguishing between cate-
gories that produce higher flood vulnerability for that variable.
Another issue that arose with our survey was the distinction
between categories that are more similar than different such
as very good or good when specifying building condition.
This level of specification may not be appropriate for a rater
to determine. An appropriate solution for future work is to
collapse the building conditions into three more distinct and
well described categories. This approach would improve the
agreement scores between evaluators and improve the quality
of the training data as there would not be as many artificial
distinctions.

IV. DISCUSSION

We see certain advantages of incorporating social factors from
the street-level data collection and modeling for humanitarian
mapping as opposed to traditional hydrologic/hydraulic en-
gineering approaches. Typical hydrologic models for urban
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flooding provide a spatial map of runoff depth and discharge
that helps to plan engineering intervention to reduce flood
risk. The advantage of collecting crowdsourced street-level
data is that it directly reflects the observable conditions of
the area (e.g., roof type, building material, building condition,
sill height, presence of drains, street inclination). The features
relevant to flood vulnerability vary by geographic area and
conditions. Therefore, for this method to be applied to other
areas, it can be appropriate to update the variables extracted
upon further inspection of the region and feedback from those
with local knowledge.

We found that the presence of drains in Quito, which could
provide flood protection, were associated with proximity to
the center of the study area. As the results demonstrated,
many of the sample points where no drains were spotted
are along the periphery of the city. This is consistent with
the nature of urban sprawl in Latin American cities [69],
[70] and informal settlements in fast growing urban areas
such as Quito. Similarly, the spatial distribution of buildings
with a higher number of floors were found to be associated
with proximity to the city center. We also found clusters of
buildings with less than five stories in the southern, particu-
larly southeastern regions of Quito. The development of the
southern fringe is characterized by one- or two-story build-
ings which makes the area highly vulnerable to flooding.
The agreement in the findings of the team members on these
variables demonstrate a degree of reliability in the data col-
lected. Further work is needed to tease out the intersection of
vulnerability related factors. For example, high poverty areas
might not have high sills at the doorsteps and are likely to be
located on steep slopes at the periphery of Quito with poor
construction.

This paper shows that vulnerability variables collected from
GSV by multiple team members for the sample points showed
consistency. This is an important component in our research
because this method is intended to serve as a way to de-
velop training data for modeling which should be evaluated
prior to generalizing. Our case study presents a method for
the evaluation of the remote visual inspections made by the
raters through an inter-rater agreement and intraclass step.
The result of the evaluation shows a moderate to substantial
statistical agreement between the team for the variables of
interest and could help to direct users to more consistent
variable measures to obtain higher levels of accuracy. Finally,
one should evaluate the generalizability of the data through
mapping of the spatial data to identify errors or patterns of
interest.

Integration of hydrologic models and social vulnerability
characteristics could provide an ideal framework for flood
vulnerability mapping. The hydrologic/hydraulic process re-
quires significant resources to collect all the necessary data
along with consequent model calibration and verification.
From this point of view, the process for collecting data from
GSV is perhaps faster to implement for humanitarian purposes
and feasible to accomplish remotely. The data could then be
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used alongside flood observations and models, or other hazard
layers.

Unfortunately, comprehensive GSV coverage of streets
does not exist globally as many areas lack collection, partic-
ularly in the developing world and in rural areas. A concern
is that these areas are those in which flood risk assessment
and flood anticipatory action programs are most needed [71].
However, in our case study of Quito, we found that there was
sufficient coverage.

While GSV coverage is extensive across Quito, it is not
available for every building. The team often encountered
buildings without corresponding GSV imagery which resulted
in the final collection of variables for 458 points out of 500.
Also, some variables were more difficult to collect than others.
For instance, roof material type was not always visible from
GSV. Assessing street slope from GSV also proved chal-
lenging, particularly when distinguishing between low and
medium slopes. Finally, some aspects of buildings such as the
interior of the structures cannot be captured from a street view.

We also encountered limitations in the view from the
street due to physical barriers. In Quito, many residential
and commercial buildings have high walls around them re-
sulting in an inability to view the complete building via
GSV. This prevented an accurate assessment of the phys-
ical structure of the buildings. During our background re-
search we noticed the mention of geotagging inaccuracies
when attempting to locate structures in GSV based on ad-
dresses [7]. Our study however used coordinates rather than
street addresses to locate buildings. These issues should be
considered when determining how to use GSV to derive
data.

It is noted that the methods presented here will have limi-
tations on where they will be applicable, and further, we note
that data quality using GSV may vary even in areas where it
is available; therefore, careful consideration must be taken to
ensure that appropriate adjustments for standardized collec-
tion are made. These adjustments could include moving the
previously generated points to areas with available GSV. The
lack of images in certain places may be a result of a sampling
bias in GSV collection despite the randomized method used
in this study and could cause an unintended misrepresentation
of study areas. Therefore, we carefully evaluated the data we
collected to ensure there was sufficient spatial coverage in the
end. In terms of the consistency of variable collection, we
found that a level of subjective interpretation during turking
is unavoidable even after standardization of variable descrip-
tions.

Despite the current limitations on GSV coverage globally,
we believe that there is the potential to continue to expand
this approach to other urban areas. With the addition of new
resources and ways of collecting, Google is expanding its
coverage every year [72]. Google Street View trekkers is a
program that provides camera equipment to volunteer pro-
fessional photographers and other individuals to collect GSV
images [73]. In addition, one can hire trusted professionals
to produce Street View in particular areas [74]. There is also
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a Street View app in which anyone can collect GSV through
mobile devices and upload a path [72]. These alternative ways
of inputting data can reduce some of the barriers of coverage,
provide the ability to task coverage in areas of interest, and
open more areas for assessment.

V. CONCLUSION

Natural hazard driven disasters [75] disproportionately impact
vulnerable populations who are often not represented on a
map [76]. A lack of data, or a lack of data of a sufficient
quality, leads to challenges in various decision-making con-
texts, including it being particularly challenging to design
risk-based anticipatory action programs, especially in com-
plex settings such as those involving migration, displacement
and informal settlements [77]. We present a crowdsourcing
method using a human-machine interface to map characteris-
tics of the built infrastructure that also provide socioeconomic
context relevant to flood vulnerability in urban areas. This
work shows that we can use remote collection techniques
to capture information on vulnerability which is otherwise
unavailable, infrequent, or would require time-consuming and
expensive field studies. We learned that we can quickly cap-
ture flood vulnerability variables on hundreds of buildings
in a few hours based on visual inspection; however, it is
important to evaluate the uncertainty in the outputs of the
process.

While this paper focuses on Quito, Ecuador as a case study,
the methodology can be quickly replicated to produce and
evaluate labeled training data in other areas. We developed a
method to ensure that the data collected and the trends within
cities are consistent. The long-term goal of this project is to
build training datasets for urban areas for global regions that
will allow us to automate the mapping of flood vulnerability
in the future. We found that the mapping of the variables col-
lected along with other datasets on the same topics, such as the
slope variable mapped with an elevation layer is informative to
evaluate reliability. Our approach needs to show consistency
amongst the team which is why the standardized codebook
was developed to encourage a common understanding and sta-
tistical reliability measures were used to evaluate the quality
of variables. We believe that the project could be expanded to
the online MTurk platform once the project is fully developed
and if user training is provided on using the codebook for
standardization.

Further work comparing data collected through our MTurk
approach with census microdata at the building level through
field studies would complement this initial exercise. However,
the availability of detailed microdata is limited and is not
available for Quito, Ecuador. We are developing a separate
case study in Colombia that compares official field study
microdata from the national census to further validate the
collection of the labeled data. In addition, our method could
be adapted for participatory GIS approaches with community
partners to target specific areas of interest for evaluation of the
outputs based on local knowledge.
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This method for collection along with the upcoming eval-
uation steps and the expansion of this project lead the way
for remote collection of street-level variables to contribute
valuable information on vulnerability for humanitarian ac-
tion. High resolution information on factors affecting flood
vulnerability can be an invaluable resource for all stages of
the disaster management cycle. The ability to collect data
quickly and remotely on street-level conditions could be a
game changer for decision makers. We believe that the use
of novel geospatial technologies is an emerging research area
that will have significant implications for humanitarian policy
as high-resolution data become timelier and more accessible.
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