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Abstract: Improving geo-information decision evaluation is an important part of geospatial decision
support research, particularly when considering vulnerability, risk, resilience, and sustainability
(V-R-R-S) of urban land–water systems (ULWSs). Previous research enumerated a collection of
V-R-R-S conceptual component commonalties and differences resulting in a synthesis concept called
VRRSability. As a single concept, VRRSability enhances our understanding of the relationships within
and among V-R-R-S. This paper reports research that extends and deepens the VRRSability synthesis
by elucidating relationships among the V-R-R-S concepts, and organizes them into a VRRSability
conceptual framework meant to guide operationalization within decision support systems. The
core relationship within the VRRSability framework is ‘functional performance’, which couples
land and water concerns within complex ULWS. Using functional performance, we elucidate other
significant conceptual relationships, e.g., scale, scenarios and social knowledge, among others. A
narrative about the functional performance of green stormwater infrastructure as part of a ULWS
offers a practical application of the conceptual framework. VRRSability decision evaluation trade-offs
among land and water emerge through the narrative, particularly how land cover influences water
flow, which in turn influences water quality. The discussion includes trade-offs along risk–resilience
and vulnerability–sustainability dimensions as key aspects of functional performance. Conclusions
include knowledge contributions about a VRRSability conceptual framework and the next steps for
operationalization within decision support systems using artificial intelligence.

Keywords: VRRSability; vulnerability; risk; resilience; sustainability; urban land–water system;
geodesign; decision support; decision evaluation

1. Introduction

An enhanced understanding of the trade-offs among decision evaluation objectives
continues to motivate researchers and practitioners for improving geospatial decision
support applications [1], particularly geodesign decision support for complex ‘sustainable
systems’ evaluation [2]. The term ‘sustainable’ acts as a descriptor for many complex
systems because of an interest in the ‘longevity of health and well-being’ of such systems.
Decision support software applications encode our basic understanding of what we know
about making decisions within programming languages and databases [1], whether for
entire systems and/or portions thereof. Developing comprehensive frameworks is one way
to contextualize complex system issues as a step toward practical implementation of appli-
cations, moving from data into information and onto knowledge-based applications, e.g., in
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the form of knowledge graphs representing open knowledge networks implemented using
artificial general intelligence agents designed to help humans facilitate inter-organizational
collaboration on decision support [3] about VRRSability decision trade-offs.

As part of the initial research about the fundamentals of sustainable systems, a frame-
work called measurement-informed ontology and epistemology for sustainability informa-
tion representation (MOESIR) was developed to clarify the steps for framing the develop-
ment of spatial decision support systems [4]. Related research used a geodesign approach
to decision support for examining green infrastructure development as a part of complex
urban–land water systems (ULWS), concluding that we need more insight in addition to the
vulnerability of systems to inform complex system decision evaluation [2,5]. Addressing
that concern, other research identified vulnerability, risk, resilience, and sustainability
(V-R-R-S) as four concepts commonly used in participatory decision support for sustainable
systems [6]. We demonstrated that none of the four V-R-R-S concepts can replace one
another when evaluating sustainable systems. Furthermore, VRRSability was identified
as an overarching concept that synthesizes among V-R-R-S concepts and their associated
components, providing an opportunity to facilitate decision trade-offs [6]. However, that
research stopped short of elucidating conceptual relationships, which is a necessary next
step for developing operational models.

The research effort reported herein represents a fourth effort in the series for extending
and deepening collaborative decision support systems. The overall goal of this research is
to broaden and deepen geospatial decision research that eventually implements a compre-
hensive yet flexible approach to decision evaluation within a geodesign decision support
system. The objectives to reach that goal include the following: (1) complete a conceptual
synthesis of VRRSability useful for decision evaluation, (2) specify constructs and their
relationships within operational models based on the conceptual synthesis; (3) implement
the operational models using geospatial technologies, making it clear that the synthesis
precedes operational models that precede software technology implementation, e.g., within
geospatial decision support systems, geographic information systems (GIS), and/or remote
sensing. As such, the main objective of this paper is to report on the completion of the
conceptual synthesis (at least to some extent) resulting in knowledge contributions within
three focus areas. First, knowledge resulting from VRRSability synthesis flesh out MOESIR
Tier 2 ontology and MOESIR Tier 4 epistemology for contributing to the focus area of
geospatial ontology and epistemology. Second, the VRRSability conceptual framework
composed of components and relations provides a solid foundation (in both breadth and
depth) for the next step in operationalizing models characterizing decision evaluation trade-
offs contributing to the focus area of geodesign assessment. Third, preliminary knowledge
about the operationalization of VRRSability models using a VRRSability intelligence ramp
of data, information, evidence, knowledge and wisdom contributes to the emerging focus
area of artificial intelligence technology development.

Further formalization of concepts and relationships through the development of a
comprehensive conceptual framework, consisting of conceptual components and relations
among them, can guide the operationalization of decision evaluation trade-offs for improv-
ing software-enabled intelligence about the health and well-being of sustainable systems.
The development of a comprehensive conceptual framework further details the synthesis
across V-R-R-S, enabling articulation of VRRSability relationships as a basis for the exami-
nation of decision evaluation trade-offs. Identifying a core relationship between a stressor
and receptor in terms of functional performance provides a basis for elucidating nuances
among the V-R-R-S concepts and associated components of VRRSability. Application of the
conceptual framework to green stormwater infrastructure (GSI) offers further insights into
GSI functional performance as a key issue for improving decision evaluation at watershed
and regional scales. Measuring the functional performance of low-impact development as
an example of GSI can provide important insights into investments in, and implementation
of, stormwater management options for addressing concerns about climate change within
urban watershed environments [7]. GSI redevelopments, i.e., removing contaminants
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from fresh and estuarine waters plus the control of flooding through natural means, are of
high interest world-wide for improving the sustainability of health and well-being within
ULWS, particularly along coastal areas [5]. Micro-, meso-, and macro-scale insights are
needed when considering reductions in vulnerability, risk mitigation, improving the re-
siliency of response, and enhancing the sustainability of well-being for both humans and
the environment within urban–regional watersheds.

Moving toward the operationalization of VRRSability, a functional performance re-
lationship between land and water offers a basis for characterizing how insights about
data representations as measurements can lead to improved information representations as
relationships among measurements. Formalizing information representations provides a
basis for evidence representation, and evidence representations offer a basis for knowledge
representations that can enhance decision support research that aligns with geospatial
artificial intelligence (GeoAI) research [8]. A common long-held assumption is that im-
proving data, information, evidence, knowledge, and wisdom-based representations as an
‘intelligence ramp’ will likely improve the characterization of complex system relationships,
and therefore improve geodesign decision support applications [4]. We suggest that GeoAI
research can be the next step to enhancing the development of a human–machine intelli-
gence ramp for geodesign decision support. The next steps for developing a VRRSability
intelligence ramp as a novel contribution to decision evaluation can take advantage of the
three pillars of GeoAI technology, i.e., high-performance computing, machine learning, and
geospatial big data [8]. Each of the three pillars will add a unique benefit to operational
modeling as part of the next steps for VRRSability operationalization.

For example, research about cyberinfrastructure-based geographic information sys-
tems (CyberGIS) [9], which involves high-performance computing and geospatial big data,
partially motivated the creation of the MOESIR framework to organize issues about com-
plex systems decision problems [4]. Technology perspectives from GeoAI will help extend
developments for geodesign assessment, implementing VRRSability intelligence within
decision evaluation as a key step within geodesign assessment of complex human–natural
system problems.

Conceptual frameworks about social–ecological (human–environment) systems assist
with obtaining insight into the development of hypotheses and operational models [10,11].
As such, a VRRSability conceptual framework can organize relationships to improve our
understanding of VRRSability and enhance prospects for specifying trade-offs among V-R-
R-S decision objectives for improving spatial–temporal decision evaluation, particularly for
improving decision support for participatory geodesign for ULWS [12,13]. To contextualize
this synthesis research effort, we continue with an application of geodesign decision
support for managing an ULWS, particularly low-impact development as part of GSI
influences on water resource health as a sustainable system [2,4]. Functional performance
of low-impact development is the ability of system elements in combination (e.g., for green
infrastructure and water) to affect levels of service that foster well-being [7]. Focusing on
functional performance relationships within systems enables people to examine various
behaviors of complex systems, including those described in terms of any one of the V-R-R-S
concepts, but particularly those in combination using VRRSability decision objectives.
Functional performance emerges from multiple interacting factors, with some of them
controlling variables (stressors) and others deemed variables reflecting change (often
thought of as receptors) [14]. The behaviors of these factors are at play in physical, social,
and social–physical systems, whether we refer to such systems as coupled natural–human
systems, social–ecological systems, human–environment systems, hazard–receptor systems
or nature–society systems, all of which take on some form of a sustainable system over the
long-term [4].

In a geodesign workflow, intelligence insight is built by using an information gain
and abstraction strategy by traversing six steps of modeling, often using model iteration.
In brief, geodesign decision support involves three steps of assessment and three steps
of intervention [13], wherein assessment results inform intervention strategies. A geode-
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sign assessment workflow consists of representation, process, and evaluation modeling;
assessment is a process that results in characterizing conditions of a problem from which
appropriate solution options can be designed. A geodesign intervention workflow consists
of design, impact, and choice modeling, in which intervention is a process that results
in a choice for action. The research question calls out the geodesign assessment step in-
volving evaluation modeling because evaluation results are the key input to a geodesign
intervention workflow, and the basis of impact modeling.

The geodesign model (i.e., information) embedding strategy, referred to as information
gain with information abstraction, was adopted for use in the MOESIR framework. As
such, Tier 1 information about elements of a system is embedded within Tier 2 V-R-R-S
evaluative information; consequently, Tier 2 layer extends the information of Tier 1 with
an evaluative context. Tier 2 evaluative information is embedded within Tier 3 workflow
information, wherein Tier 3 extends Tier 2 with how-to-measure information and work
with evaluative information. Tier 3 decision support workflow information is embedded
within Tier 4 application implementation information, i.e., how to compute evaluative
information about GSI. This research clarifies Tier 2 VRRSability evaluative information,
thus clarifying Tier 1 system information from previous research plus Tier 3 computational
workflow information supporting Tier 4 application information about GSI. All four tiers
together are required for the implementation of VRRSability in geodesign decision support.

This paper is organized as follows: in Section 2, we elucidate numerous relations
among research publications about V-R-R-S syntheses with the potential to further eluci-
date VRRSability at MOESIR Tier 2. We synthesize a VRRSability conceptual framework
using the relevant concepts, components, sub-components, and relationships. In Section 3,
we present an application (MOESIR Tier 4) of ULWS as a social-ecological system. This
information context focuses on a chain of relationships about land cover influencing water
resource health (water flow and quality) and habitat condition in Puget Sound, while
adopting Tier 2 VRRSability and Tier 3 geodesign workflow considerations to frame the
application. Section 4 explores VRRSability as decision evaluation trade-offs among the
V-R-R-S concepts together with the details of the components, using the functional perfor-
mance of green stormwater infrastructure as the application context. Section 5 presents a
discussion about decision trade-offs. We conclude in Section 6 by highlighting knowledge
contributions and offering directions for VRRSability operationalization, with a particular
focus on GeoAI research for enhancing geodesign decision support.

2. Geospatial Ontology for Decision Evaluation

In the MOESIR framework, Tier 2 evaluation ontology overlays the Tier 1 descriptive
ontology to characterize sustainable system well-being. The singular V-R-R-S decision eval-
uation concepts, synthesized into the overarching VRRSability concept, contain evaluative
relationships, e.g., about sensitivity, harm, improvement, and/or longevity (respectively),
which provide insight into decision evaluation trade-offs about the health and well-being
of complex systems. To initiate characterization of relationships among V-R-R-S concepts,
we first identify variables with units of measure for the sub-components of GSI systems.
We then turn to enumerating potential relationships among V-R-R-S using a Venn diagram
approach and demonstrate why table-based analytical enumeration is a superior approach.
From insights into the differences between information structures, we chose to enumerate
a collection of seven approaches for depicting a conceptual framework. We explain why a
box–relation diagram approach is the most appropriate for our purpose. We then organize
the V-R-R-S concepts into a VRRSability conceptual framework using a box–relation ap-
proach. From there, we “drill down” into the core relationship of the framework, using the
concept of functional performance to further explore relationships about sensitivity, harm,
improvement, and longevity of sustainable system well-being.



ISPRS Int. J. Geo-Inf. 2024, 13, 67 5 of 36

2.1. MOESIR Tier 2 Using VRRSability for Decision Evaluation

As mentioned earlier, previous research about decision support for complex systems
identified a need for synthesis of V-R-R-S concepts that could enhance participatory evalua-
tion of decision support trade-offs [2]. Although resilience and sustainability are the more
comprehensive concepts in contrast to vulnerability and risk, none of the four concepts
individually provide an overarching focus through which decision trade-offs could be
managed easily. VRRSability as an overarching concept offers a way to operationalize
trade-offs [6], but details about the relationships among sub-components are needed for
making VRRSability operational.

Based on previous research that offered a textual narrative for each of the V-R-R-S
concepts and thirteen components and published by IJGI in 2021 [6], here we list the
respective components of V-R-R-S concepts as a start to the analytical operationalization
of VRRSability (Table 1). Note that the terms concepts and components are intentionally
different for uniquely identifying the two lists. Components are meant to ‘specialize’
concepts and subcomponents specialize components from a data modeling perspective.

Table 1. VRRSability components detailed as measurable variables. Italics signifies the best elucidation
of a measurable variable relative to other expressions in the row, and thus the basis of entry in the
VRRSability column at right side of table.

V-R-R-S
Components (Letter
Labels Precede Text
Narrative)

Vulnerability
Components 1:
a,b,e,f,g,h,k,l,m

Risk
Components 1:
a,b,c,e,f,g,h,k,l,m

Resilience
Components 1:
a,b,d,e,f,g,h,i,j,k,l,m

Sustainability
Components 1:
a,b,c,d,e,f,g,h,k,l,m

VRRSability
Components 1:
a,b,c,d,e,f,g,h,i,j,k,l,m

abcde: Identification
of systems, e.g.,
social–ecological,
coupled human–
environment,
coupled
natural–human

Collections of abcde
for broadly
characterizing i←→j

Individual a values for
specifically
characterizing i←→j

Collections of abcde for
specifically
characterizing i←→j

Collections of abcde
for broadly
characterizing i←→j

Individual a values
and collections of
abcde for specifically
characterizing i←→j

a1:
Stressors/hazards/
disturbances as
controlling variables

Impervious land
acreage

% impervious land
acreage

% impervious land
acreage

Impervious land
acreage

% impervious land
acreage

a2: Fast versus slow
change variables
regarding receptor
functional
performance

Water and ecosystem
acreage and
degradation

Water and ecosystem
acreage and
degradation %

Water and ecosystem
acreage and
degradation %

Water and ecosystem
acreage and
degradation

Water and ecosystem
acreage and
degradation %

b1: Exposure
relationship(s)
between elements

Nominal units of
change % change % change Nominal unit change % change

b2: Event
occurrence(s)

Ordinal magnitude
of rainfall and
infiltration
occurrences

Frequency of rainfall
and infiltration
occurrences

Frequency of rainfall
and infiltration
occurrences

General count of
rainfall and
infiltration
occurrences

Frequency of rainfall
and infiltration
occurrences

c: Dose–response
threshold

Normally not
considered

Acreage of %
impervious; %
percolation over time;
water degradation %

Not commonly
measured

Lumped amount of
acreage,
imperviousness, and
percolation over time;
water degradation %

Acreage of %
impervious; %
percolation over time;
water degradation %

d1: Management
action and capacity
to act

Not commonly
included

Mgt action to
decrease degradation

Mgt action to
increase infiltration

Mgt action to increase
infiltration and/or
decrease degradation

Mgt action to
increase infiltration
and/or decrease
degradation
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Table 1. Cont.

V-R-R-S
Components (Letter
Labels Precede Text
Narrative)

Vulnerability
Components 1:
a,b,e,f,g,h,k,l,m

Risk
Components 1:
a,b,c,e,f,g,h,k,l,m

Resilience
Components 1:
a,b,d,e,f,g,h,i,j,k,l,m

Sustainability
Components 1:
a,b,c,d,e,f,g,h,k,l,m

VRRSability
Components 1:
a,b,c,d,e,f,g,h,i,j,k,l,m

d2: Agency for
taking action

Nominal
identification of
agency if specified at
all

Mission and
custodianship of
problem not
generally specified

Fed, state, local
mission and
custodianship to
address degradation
and infiltration
problem

Fed, state, local mission
and amount of
custodianship of %
degradation and %
infiltration problem

Fed, state, local
mission and amount
of custodianship of %
degradation and %
infiltration problem

d3: Empowerment of
social group(s) to
address conditions

Involve stakeholder
groups for general
value-laden conditions
influencing degradation
and/or infiltration

Involve stakeholder
groups for specific
value-laden conditions
influencing degradation
and/or infiltration

Involve stakeholder
groups for specific
value-laden conditions
influencing degradation
and/or infiltration

Involve stakeholder
groups for general
value-laden conditions
influencing degradation
and/or infiltration

Involve stakeholder
groups for specific
and general
value-laden
conditions
influencing
degradation and/or
infiltration

e1: Impact/harm
reduction/benefit
improvement

Impact reduction
ecosystem(s) and/or
land acreages

Harm reduction per
ecosystem(s) and/or
land acreages

Benefit improvement
per ecosystem(s) and/or
land acreages

Maintenance per
ecosystem(s) and/or
land acreages

Harm, benefit
improvement, and
maintenance per
ecosystem(s) and/or
land acreages

e2: Decision
trade-offs and
priorities

Ordinal impact
characterization of
prioritized trade-offs

Reduction in
degradation harm
traded-off in prioritized
dimensions of decision
objectives

Improvement of
infiltration benefit
trade-offs from
prioritized actions
about decision
objectives

Maintain infiltration
using prioritized
actions about decision
objectives

Benefits from
reduction,
improvement,
maintenance in X
amount gained/lost
due to mgt
prioritized actions
about decision
objectives

e3: Transformation as
long-term structural
change

Potential influence on
ecosystem sensitivity
and/or land changes
over the long term,
sometimes irreversible

Probable harm to
ecosystems and/or land
changes over the long
term

Improvement of
ecosystems and/or land
over the long term

Maintaining
ecosystems and/or land
functional performance
enhanced over the long
term

Net change in
sensitivity,
(irreversible) harm,
improvement and/or
well-being of land
and/or ecosystems
over the long term

f: Scenarios

General study area
conditions, e.g.,
social, economic, and
environmental
climate

Specific study area
conditions, e.g., temp,
population, income,
and water flow and
quality

General study area
conditions, e.g., social,
economic, and
environmental climate

General study area
conditions, e.g.,
social, economic, and
environmental
climate

Specific and/or
general study area
conditions

g: Spatial, temporal,
attribute scale

Study area space,
time, attribute plus
general micro, meso,
macro scale

Study area space,
time, attribute plus
specific micro, meso,
macro scale

Study area space,
time, attribute plus
general micro, meso,
macro scale

Study area space, time
and attribute plus
specific and/or general
micro, meso, macro
scale

Study area space,
time and attributes
plus specific and/or
general micro, meso,
macro scale

h: Levels of
resolution for units of
analysis

Area acreage Parcel (acreage) Parcel (acreage) Area acreage Area(s), parcel(s),
and acreage

i: Feedback Feedback to receptor
sensitivity

Feedback to probability
of harm

Feedback to stressor
disturbance

Consistent feedback to
land–water or
water–land over the
long term

Feedback to all
influences (sensitivity,
harm, improvement
and maintenance)
relating land–water
or water–land

j: Alternate stable
states

Significant change to
be more/less
sensitive in the
context of scenarios

Significant change to be
more/less probably
harmed in the context
of scenarios

Significant change to be
more/less improved in
the context of scenarios

Significant change to be
more/less maintained in
the context of scenarios

Significant change to
be more/less harmed,
improved,
maintained in the
context of scenarios
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Table 1. Cont.

V-R-R-S
Components (Letter
Labels Precede Text
Narrative)

Vulnerability
Components 1:
a,b,e,f,g,h,k,l,m

Risk
Components 1:
a,b,c,e,f,g,h,k,l,m

Resilience
Components 1:
a,b,d,e,f,g,h,i,j,k,l,m

Sustainability
Components 1:
a,b,c,d,e,f,g,h,k,l,m

VRRSability
Components 1:
a,b,c,d,e,f,g,h,i,j,k,l,m

k: Social learning
about VRRSability
conditions

People within
stakeholder groups
learning about
relationships, and
general conditions of
sensitivity

People within
stakeholder groups
learning about
relationships, and
specific conditions of
harm

People within
stakeholder groups
learning about
relationships, and
specific conditions of
improvement

People within
stakeholder groups
learning about
relationships, and
general conditions of
well-being

People within
stakeholder groups
learning about
relationships and
specific and/or
general conditions of
harm, improvement
and/or well-being

l: Knowledge
systems about
VRRSability
conditions

Knowledge focuses
on stressors and
sensitivity of receptor
performance

Knowledge focuses
on stressors and
probability of harm
to receptor
performance

Knowledge focuses
on stressors and
probability of
improvement in
receptor performance

Knowledge focuses
on stressors and
maintenance of
receptor performance

Knowledge focused
on stressors and
related sensitivity,
harm, improvement
and well-being to
receptor performance
over the long term

m: Operational
implementation

Implement all within
this column

Implement all within
this column

Implement all within
this column

Implement all within
this column

Implement all within
this column

1 Components are described in terms of GSI sub-components for the respective V-R-R-S concepts.

At this point, we offer a brief summary of the research workflow that led to the
articulation and elucidation of the thirteen components with associated subcomponents,
contributing to the veracity of this particular list of components. We started with the
individual V-R-R-S concepts, identifying internationally published handbooks and/or
papers containing one or more of the concepts as presented in [6]. We searched for handbook
sources listing two or more of the concepts, as such inclusion indicated recognition of a
broader topic treatment. At least three definitions for each concept were enlisted for content
analysis. Using those definitions we performed a content analysis of phrases, iterating
until all definitions were parsed completely into components. We compared and contrasted
the phrases to identify commonalty, enumerating a comprehensive and unique collection
of five conceptual components. The components include the following: (1) elements
such as stressors or receptors, (2) functional performance related to exposure between the
stressors/receptors, (3) dose–response thresholds associated with functional performance,
(4) management actions based on decision evaluation, and (5) functional performance
outcomes such as harm or improvement of well-being. The second major step involved
identifying V-R-R-S references. We used Google Scholar to retrieve reference citations
based on all combinations of V-R-R-S, discovering that the order of concepts in the query
mattered when retrieving references. More than 100 references were identified. We then
started with the five conceptual components to identify a collection of other (one might say
secondary, but important) components. A total of thirteen unique conceptual components
plus seven associated sub-components were identified through multiple iterations to foster
consistency of interpretation and gather corroborating evidence about the components
across the published works. A complete enumeration together with all reference citations
associated with each component and sub-component appears in the earlier publication [6].
One of the principal recommendations for next-step research to that list of components
included identifying and elucidating concept and component relations as provided within
this paper.

Each of the V-R-R-S concepts contain a collection of components from among thirteen
VRRSability components (a–m) as listed in Table 1 in column 1. Nine components char-
acterize vulnerability, ten components characterize risk, twelve components characterize
resilience, and eleven components characterize sustainability (Table 1 column headings).
Although thirteen components of VRRSability fully describe the concept, several sub-
components are needed for operationalizing the treatment of components. Although we
address the full application in Section 3, here we introduce domain specificity to describe
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the components (a–m) using the ULWS context focusing on GSI. The GSI domain context
offers the reader information on how and why all the components a–m are important as
a basis for identifying and elucidating relations among the components from a practical
application perspective. As such, the entries in Table 1 columns 2–5 suggest a collection
of data needs that can be useful for model operationalization once the research achieves
this level of specificity. Note that the duplication of component entries among the columns
highlight the commonalty of components among V-R-R-S concepts, which suggests that a
core set of computations underlie the overarching concept of VRRSability as a synthesis
among V-R-R-S concepts. Identifying the best elucidation of components as a variable
description (in italic font) offers initial insight into how each of the V-R-R-S concepts can
contribute to VRRSability synthesis (in the last column).

2.2. Articulating Relationships among V-R-R-S Concepts

Previous research [6] did not enumerate relationships among the four V-R-R-S con-
cepts, let alone the thirteen components (and respective sub-components) composing
VRRSability. Two levels of relationships were identified. The first are relationships among
V-R-R-S, while the second are relationships among all thirteen components and respective
sub-components. The V-R-R-S relationships formed from combinations of V-R-R-S concepts
are more general in character than the relationships among components because the former
is somewhat context-free, whereas the latter assumes a context about complex systems.
However, both levels contribute to a comprehensive conceptual framework of VRRSability,
and each offers insight for making VRRSability operational. While all the V-R-R-S concepts
are important to consider, just how each is related to another presents a challenge, and
how each of the thirteen components (and sub-components) relate to one another adds fur-
ther complexity. This section about enumerating and elucidating concept and component
relationships addresses a second clause within the research question.

A Venn diagram helps to enumerate the relations between and among the four V-R-R-S
concepts and depict them for ease of understanding (Figures 1 and 2). Figures 1 and 2 show
two ways to treat the combinations. Figure 1 depicts combinations wherein precedence
order does not matter in the combinations, i.e., all the concepts are treated as nouns and
as such, any ordering of the same collection of V-R-R-S would convey the same character
of relationships. Figure 2 uses order to characterize relationships, wherein the ordering
takes on a particular interpretation using adjectival precedence; thus, the last concept is the
noun and the preceding concepts are adjectives. All combinations of adjectives should be
described or the order could be misleading, at least initially. The main point of the difference
in Figures 1 and 2 is that they depict very different kinds of meaningful V-R-R-R concept
relations. Nonetheless, after composing several versions, we discovered that a 2D Venn
diagram cannot show all combinations of four concepts, no matter if the order is relevant
or not. Although three circles can show all nine combinations of three concepts, four circles
portraying combinations of four concepts prohibit two of the overlaps from being shown
within any 2D display, no matter the configuration of the circles. The configuration in
Figure 1 does not depict the sustainability–risk and vulnerability–resilience combinations.
Similarly, the configuration in Figure 2 is missing the adjectival description of those two
combinations. We assume that it would take a 3D diagram to show all combinations of the
four concepts, for which a dynamic software application would be helpful. Nonetheless,
the 2D rendition is useful for synoptic portrayal, and the enhancement to a 3D diagram is
left for future research.
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Figure 2. V-R-R-S Venn diagram depicting commonalty among vulnerability, risk, resilience and
sustainability using adjectival precedence to describe concepts.

Recognizing the limitation of 2D Venn diagrams for our purpose, and having a list
of all combinations of V-R-R-S concepts, we concluded that a table would enumerate the
complete list of eleven combinations of V-R-R-S concepts as binary, ternary, and quad-nary
combinations (Table 2, column 1), plus offer a means to describe them. Comparing and con-
trasting the potential of Venn diagrams and tables, we used this insight about information
structuring (of synoptics and analytics) for exploring different ‘expression conventions’ that
characterize relations among the thirteen components, seeking full enumeration, synoptic
portrayal, and analytic detail of relations. A literature review (see references in Table 2,
column 3) identified seven conventions, each expressing a different information structuring
capability, including: O: operational expression, G: graph diagram (between two variables),
M: map display, B: box-relation diagram, V: Venn diagram, T: table list of enumerated
characteristics, and N: narrative (Table 2, column 2 and legend). These conventions are
listed in order of potential for analytic expression, and capability for providing both an
overview and details of elements while clarifying the character of a relation. The list is or-
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dered from the most robust (i.e., operational expressions suitable for modeling) to narrative
(i.e., textual description within paragraphs) to describe relationships among information
elements (i.e., components).

Table 2. Conceptual frameworks across vulnerability, risk, resilience, and sustainability.

Domain Addressed Information Structures 1 Published Articles, Books, Reports Associated with Specific
Information Structures Listed in Column 2

Vul-Risk

M,B,T,N [15] Nyerges, Robkin and Moore 1997

O,T,N [16] Brooks 2003

O,N [17]+ Aven 2007

Vul-Res

T,N [18] Adger 2006

B,N [19]+ Gallopin 2006

T,N [20] Manyena 2006

B,V,N [21] Smit and Wandel 2006

B,N [22] Vogel et al., 2007

V,B,T,N [23] Cutter et al., 2008

O,B,V,M,T,N [24]+ Lam et al., 2016

Vul-Sus
G,T,N [25] Mol 2007

O,G,M,B,T,N [2] Nyerges et al., 2016

Risk-Res

G,N [26]+ Linkov et al., 2014

O,G,N [27] Ganin et al., 2016

T,N [28] Schultz and Smith 2016

B, T, N [29]+ Linkov et al., 2018

O,G,B,T,N [30] Thekdi and Santos 2018

O,G,M,T,N [31] Wang et al., 2023

Risk-Sus

N [32] Anderson 2006

N [33] Roper 2012

G,M [34] Tessler et al., 2015

N [35] Taylor 2019

Res-Sus

T,N [36] Milman and Short 2008

O,G,M,B,T,N [37,38]+ Cumming 2011a,b

B,G,N [39] Nelson and Sterling 2012

B,G,N [40] Rodriguez-Nikl et al., 2014

T.N [41] Redman 2014

T,N [42] Minsker et al., 2015

N [43] Berkes 2017

B,V,T [44] Upadhyaya, Biswas, and Tam 2018

O,G,T,N [45] Sun et al., 2020

Vul-Risk-Res

O,G,B,T [46]+ Bruneau et al., 2003

T,N [47] Eakin and Luers 2006

T,N [48,49]+ Haimes 2009a,b

O,B,N [50] Aven 2011

B,T,N [51]+ Birkmann et al., 2013
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Table 2. Cont.

Domain Addressed Information Structures 1 Published Articles, Books, Reports Associated with Specific
Information Structures Listed in Column 2

Vul-Risk-Sus

N [52] Gheorghe 2004

G,T [53] Hay and Mimura 2006

N,T [54] Pelling 2006

M,B,T [55] Fedeski and Gwilliam 2007

Vul-Res-Sus

T,N [56] Folke et al., 2002

B,N [57,58]+ Turner et al., 2003, Turner 2010

T,N [59] Tompkins and Adger 2004

Risk-Res-Sus

G,B,T,N [60] Blackmore and Plant 2008

T,N [61] Coaffee 2008

T,N [62] White 2010

B,T,N [63] McLellan et al., 2012

O,G,B,T,N [64]+ Bocchini et al., 2014

O,G,B,T,N [65] Lounis and McAllister 2016

T,N+ [66] Uda and Kennedy 2018

Vul-Risk-Res-Sus

B,N [67] Tobin 1999

O,G,T,N [68] Kjeldsen and Rosbjerg 2004

B,V,N [69]+ Birkmann 2006

T,N [70] Baker 2009

T,N [71]+ Miller et al., 2010

N [72] Romero-Lankao and Dodman 2011
1 Legend: Information structures listed in order of most to least relationally robust. O: Operational expression.
G: Graph (between 2 variables) diagram. M: Map display. B: Box-relation diagram. V: Venn diagram. T: Table list
of enumerated characteristics. N: Narrative. + Particularly useful publication for conceptualizing relations.

Operational expression, graph, and map display information structures provide a basis
for data structures within models, and thus are commonly more detailed than conceptual
frameworks. Although those information structures will eventually be significant for
research about VRRSability modeling, our main interest is in developing a robust conceptual
framework before addressing logical modeling as discussed previously [6]. Consequently,
graphs, box–relation diagrams, Venn diagrams, tables, and narratives provide the best
source for an information structure approach to compose a conceptual framework.

We used those expression conventions to perform a meta-content analysis of the
literature. Within each publication listed in Table 2, column 3, we identified the types
of information structuring used as part of their contribution listed in Table 2, column 2.
Readers might question the validity of the list of information structure entries within
Table 2, i.e., whether each entry is accurately listed, and how significantly each entry
might influence the overall research findings. The selection of the entries represented a
pre-screening of the literature references as an intermediate finding, i.e., the entries offer
nominal insight about possible considerations only. As such, Table 2 entries indicate the
existence of information structures within specific references merely for later consideration.
Identifying and characterizing one type of information structure in contrast to another is
a matter of interpretation, based on expertise of those developing and interpreting such
expressions. Since the lead author made all the interpretations, there is internal consistency
with the listed entries. In brief, the principal form and function of each acted as a selection
guideline as follows. Operational models characterize functional relationships most easily
translated into methods and data structures in programming languages. Graphs portray
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trends between ranges of numbers, even when the ranges are abstractions. Maps are
multidimensional characterizations of relations using world space and time as foundational
domains. Box–relation diagrams emphasize connections (relations) among conceptual com-
ponents (boxes). Venn diagrams as graphic portrays of information demonstrate nominal
commonalty as the basis of relations, wherein overlapping areas depict similar content.
Tables combine a list of primary entities (rows) and a list of characteristics (columns),
wherein the advantage is the complete enumeration of lists, providing exhaustive treatment
of entities. Narratives offer descriptions of relations in a free-form textual manner. As
mentioned above, we applied the guidelines loosely, emphasizing inclusion as opposed to
exclusion of entries for any given information structure associated with a published work.
This process provided a sufficiently large number of information structures and references
within Table 2 for consultation during the next steps of the research process. Although
differences among information structures are important, we again note that the focus of this
research is about enumeration and synthesis of meaningful V-R-R-S concept relations asso-
ciated with VRRSability as opposed to focusing on how one type of information structure
is more advantageous than another.

Table 2 helped us to identify which publications were the most salient for initiating
work on a comprehensive VRRSability conceptual framework. Publications indicated with
a plus (+) after the numbered reference in the table offer a particularly useful and explicit
treatment of the VRRSability combinations, and thus provided special insight for framing a
VRRSability synthesis, i.e., composing a conceptual framework.

2.3. Organizing V-R-R-S Components into a VRRSability Conceptual Framework

While we could enumerate all the relationships among all the 13 components across
V-R-R-S, and although it would require considerable time, the result would be difficult
to comprehend. Thus, as per the list of components in Table 1, we start with the core
components of ‘human’, ‘related to’, and ‘environment’, and associate other components
previously identified to these three components. This makes sense because those same
three components are part of the Tier 1 system description ontology. The V-R-R-S con-
ceptual components in Table 1 (far-left column) reappear in Table 3 (far-left column). We
focus on the articles that use box–relation diagram(s) portraying a conceptual framework
as a guide for developing insights about conceptual components, emphasizing articles
with a plus (+) in the far-right column of Table 2. We argue that a box–relation diagram
provides fruitful insight for organizing and portraying concepts and conceptual relations
from a synoptic perspective, as they are related to flow charts, systems diagrams, entity–
relationship diagrams, and can include hierarchical nesting. A box–relation diagram is the
most similar to an entity–relationship diagram as a compromise between text narratives
and operational models for organizing multi-dimensional topics and relationships. From
the overall collection of references with box–relation diagrams listed in Table 2, we provide
the most comprehensive treatments (references) at the top of columns 2–6 of Table 3. This
sub-collection offers a more focused exploration of the potential for enumerating the thir-
teen components. Relevant descriptions associated with each component appear as row
entries across columns 2–6 of Table 3.

V-R-R-S entries within Table 3 row with reference citations indicate the V-R-R-S focus
of the respective frameworks. None of the references treat all four V-R-R-S concepts
explicitly in a comprehensive manner; some treat two and others treat three. The framework
created by Turner et al. [57] focuses on vulnerability, while incorporating resilience and
sustainability. The framework created by Birkmann et al. [69] focuses on vulnerability,
while incorporating risk and sustainability. The framework created by Birkmann et al. [51]
focuses on vulnerability, while incorporating risk and adaptation, with adaptation being a
core action associated with resilience. The framework created by Lam et al. [24] focuses
on resilience, while incorporating vulnerability and adaptation. The framework created
by Linkov et al. [29] focuses on risk and resilience, but contextualizes that relationship
with vulnerability. The frameworks created by Lam et al. [24] and Linkov et al. [29] guide
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computational approaches that support the identification and use of methods, techniques,
and tools for the respective concepts, but neither of them treats computational sustainability.

Table 3. VRRSability components compared and contrasted from selected conceptual frameworks.

Reference Source:

Five Most Salient Conceptual Frameworks Depicted as Box–Relation Diagrams Characterizing Combinations of
Two or Three V-R-R-S Concepts as Listed Below 1

Turner et al. [57] Birkmann [69] Birkmann et al. [51] Lam et al. [24] Linkov et al. [29]

Conceptual Components
for:
Vulnerability
Risk
Resilience
Sustainability

Vulnerability

Resilience
Sustainability

Vulnerability
Risk

Sustainability

Vulnerability
Risk
Adaptation

Vulnerability

Adaptation
Risk
Resilience

Identity of
social–ecological (coupled
human–environment and
coupled natural–human)
systems (abcde)

Human–
environment
conditions of a
system

Natural phenomena;
hazard; exposed and
vulnerable elements

Environments
contain hazards and
society interaction
coupling

Social (community)
and ecological
(hurricane) system
interaction

Complex
social–ecological–
technical systems

Stressors/hazards/
disturbances (controlling
variables) (a1)

Interactions of
hazards; human
influence outside
place;
environmental
influence outside
place

Elements; hazard
Hazards as natural
events and
socio-natural events

Hazards Hazards

Change (receptor)
variables regarding
functional performance
(fast versus slow change)
(a2)

Variability and
change in human
conditions

Elements within
environmental,
social, and economic
spheres

Society and multiple
scales of community

Community
variables

Functional
performance
condition outcomes

Exposure relationship(s)
between elements (b1)

Exposure within
vulnerability

Exposure within
vulnerability

Spatial–temporal
exposure within
vulnerability

Exposure and
damage linked
through
vulnerability

Presumed to be
within risk

Event occurrence(s) (b2) Hazard event
occurrences

Natural events and
socio-natural event
occurrences

Dose–response Threshold
(c1) Sensitivity

Acceptability of
thresholds at local
and global scales

Management action and
capacity to act (d1)

Place-based
adjustment and
adapta-
tion/response;
place-based coping

Intervention system;
coping capacity

Risk reduction plus
adaptation as
hazard intervention
and vulnerability
intervention;
capacities for
anticipation, coping
and recovery

Recovery as
adaptation and
mitigation

Intervention options

Agency for taking action
(d2) Risk governance Local government

Empowerment of social
group(s) to address
conditions (d3)

Society

Social group
empowerment
described using
geodemographic
variables

Impact/influence
reduction/improvement
(e1)

Consequences,
impact/responses

Risk reduc-
tion/resilience
improvement

Risk reduction Vulnerability
reduction

Risk reduction;
resilience
improvement
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Table 3. Cont.

Reference Source:

Five Most Salient Conceptual Frameworks Depicted as Box–Relation Diagrams Characterizing Combinations of
Two or Three V-R-R-S Concepts as Listed Below 1

Turner et al. [57] Birkmann [69] Birkmann et al. [51] Lam et al. [24] Linkov et al. [29]

Decision trade-offs and
priorities (e2)

About intervention
systems and
functional
performance

Decision priorities

Transformation as
long-term structural
change (e3)

Many cycles
involved in
sustainable
development

Multiple cycles

Scenarios (f)

Collection of
human and
environmental
conditions at
spatial–temporal
scales

Collection of sphere
conditions

Collection of
dimensions at
spatial–temporal
scales

Tier 3 scenarios

Spatial, temporal, attribute
scale (g)

Spatial, functional,
temporal
dimensions at place,
region, world scales

Local, sub-national,
national,
international

County scale for
space, yearly for
time

Multiple scales

Levels of resolution for
units of analysis (h)

Conditions within
place, region, and
global scales

Elements in more
detail;
environmental,
social economic
spheres

Susceptibility and
fragility of physical,
ecological, social,
economic, cultural,
institutional
conditions

Storm frequency,
county community
variables

Multiple resolution
units considered,
but not explicit

Feedback (i) Feedback Adaptation and
mitigation

Alternate stable states (j)
Alternate
conditions that
create stable states

Social learning about
VRRSability conditions (k)

Knowledge systems
characterize VRRSability
conditions (l)

Operationalization,
implementation (m)

Tools and
measurement are
key

Implementation
case study

Several tools called
out

1 Boldface entries for rows signify explicit consideration for inclusion in the conceptual framework synthesis.
Letters (a–m) label the conceptual components as in Table 1. Numbers indicate sub-components.

Row entries for the components (a–m) within Table 3 across columns 2–6 provide an
overview of how each component is treated within the respective publication. Having
already synthesized twenty components into thirteen main components (labels a–m) and
seven sub-components (labels with letter–integer combinations) appearing in Table 1,
we compared the entries to form conceptual component relationships. The row entries
depicted with bold-faced font signify explicit consideration for inclusion in the syntheses
within a VRRSability conceptual framework (Figure 3). The VRRSability framework is
depicted as a box–relation diagram, which shows the resulting relationships among the
components/subcomponents using text label codes within parentheses. No doubt there
are other aspects of each component of the conceptual framework, but the framework
depicts the salient relationships among the components. The relationships suggest the most
interesting aspects of the framework for further investigation. Such investigation draws
from insights about the variables offered in Table 1 about GSI, requiring variables for each
of the components/sub-components, and focusing on a GSI core relationship to start.
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2.4. Exploring VRRSability Using Functional Performance as a Core Relationship

A functional performance relationship (center of Figure 3, i.e., a1← b1,2→ a2) within
an integrated system involves several sub-components, including human (social, economic,
cultural, and institutional conditions) elements (stressor label a1 and receptor label a2),
interacting through exposure (label b, b1, b2) with environmental (physical and ecological)
elements. Turner et al. [57] describe human–environment systems in terms of interacting
human elements and environmental elements situated within potentially vulnerable places
associated with the core of the conceptual framework. Space–time collocation, i.e., more
specifically impact envelopes, often referred to as the exposure (b) of stressors (a1) and
receptors (a2), is a key relation of the conceptual framework. Exposure pathways (label b1)
between stressors and receptors as a sequence of collocations (impacts) take the form of
event occurrences (label b2). These event occurrences pair stressor and receptors at different
sensitivities based on various dose–response thresholds (label c) for the stressor–receptor



ISPRS Int. J. Geo-Inf. 2024, 13, 67 16 of 36

combinations [24,51] through spatial–temporal dimensions. Lam et al. [24] link receptor
exposure and receptor damage using a vulnerability relationship. Birkmann [69] explic-
itly recognizes hazard (stressor) event occurrences as the precursor to vulnerability that
motivates exposure with a given set of receptors. Birkmann et al. [51] further explain that
recognition by classifying hazards into natural and socio-natural events. Turner et al. [57]
outline human and environmental sensitivity levels, with these sensitivity levels being
associated with various dose–response thresholds (c1).

Units of measurement are fundamental for more precise characterization of func-
tional performance, which is commonly measured on an ordinal level for vulnerability
and sustainability [15,23,57], or on interval or ratio levels for risk and resilience [17,27,50],
although intervals–ratios can be reduced to ordinals. Ganin et al. [27], Lam et al. [24],
and Linkov et al. [26] present characterizations of functional performance using units of
measurement within the context of vulnerability, risk, and resilience, without treating
sustainability. We draw from their work and expand the treatment of V-R-R, adding sus-
tainability of functional performance over the long term to a functional relation (Figure 4).
Vulnerability is seen to be a part of risk (vulnerability is referenced within the concept of
risk); the higher the vulnerability, the higher the risk associated with an event. Risk, as
the probability of harm, is seen as the drop in functional performance from a level (be
it ideal or satisfactory) in the time interval measured as the area between TEB and TRE
(i.e., TRE − TEB), above the minimum level [17,50]. Generally, resilience has an inverse
relationship to risk, and is measured as the area under the performance curve. However,
locations (organizations) around the world will respond differently to in situ conditions
given human, financial, and ecosystem resource availability; thus, curve shapes have an
in situ context. We also note that vulnerability is also part of resilience, but in an inverse
way: the lower the vulnerability, the greater the resilience. Sustainability takes a long-term
perspective in the diagram; it incorporates much of resilience (area under the curve), but
extends the area to time TRP, which then would cycle through multiple time periods. The
work of Linkov et al. [29] extends the work of Linkov et al. [26] by recognizing acceptable
and unacceptable levels of damage based on thresholds at local, regional, and global levels.
It is these ‘informed’ levels of performance that underlay the meaning of ideal, satisfac-
tory, and minimum, all of which are interpreted in terms of thresholds as in the resilience
literature [14].
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The performance curve provides insight into the timeframes associated with manage-
ment actions (d) that result in certain impacts (e) as portrayed in Figure 3. Management
actions to plan, absorb, recover, or adapt functional performance are associated with dif-
ferent timeframes as depicted in Figure 4. Although functional performance over time
is important to track, understanding functional performance as a relation of stressors to
receptors is just as important; Figure 4 does not characterize that insight about different
types of functional performance influences. Walker and Salt [14] outline four types of
relation (herein, we interpret them as functional performance) diagrams for characteriz-
ing relationships between stressors as controlling variables and receptors as variables of
change (Figure 5). Using the idea of sensitivity within resilience relationships, we refer to
performance thresholds as ‘tipping points’ within the relation [14].
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The four types of conditions likely require different management actions (d) depending
on the availability and adequacy of evaluation information, particularly from a resilience
perspective involving space–time dynamics with feedback. Whether a management action
occurs or not, an impact (e) is likely to occur, e.g., as in parts per million of water contami-
nation to a measured degree above a regulated standard or land flooding to a measured
height in inches/feet above the flood stage. Whether such impacts in the short term or long
term are managed properly addresses concerns about sustainability.

In addition to different management actions, each of the sensitivity situations can be
characterized in terms of different scenarios (f), each formed from a collection of conditions
addressing components (a–e), which can help enrich relational perspectives. Natural
processes work at different scales, e.g., global regions of warming oceans and cooling oceans
influence low and high pressure, respectively, which in turn influence wind patterns, which
in turn influence precipitation patterns directly related to stormwater. More widespread
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and longer-lasting and/or more intense precipitation events together with local conditions
of elevation changes influence stormwater flow, often resulting in flooding at national and
regional scales, although national does not necessarily imply a geo-political-oriented scale.

We extend the functional performance treatment to address scenario conditions, based
in part on suggestions by Linkov et al. [26]. We identify four main types of scenarios based
on the collections of conditions that result in different risk and resilience circumstances
(Figure 6). Everyday normal scenarios involve conditions with a low risk with expected
high resilience because the challenges are small. Acute scenarios involve conditions with a
high risk with high resilience; the challenges do not occur often, but are reasonably well-
known and people can prepare for these circumstances because resources are available and
attention is high. Chronic scenarios involve conditions with a low risk and low resilience
from circumstances that are continually at hand; resources are minimal and spread across
a long time-period. Catastrophic scenarios involve conditions with a high risk and low
resilience; the conditions seldom occur, are hard to predict, and therefore, recovery takes a
long time, if it can occur at all, given the circumstances. When recovery is long and difficult,
a new stable state can arise more easily, involving degraded performance over time, e.g., as
depicted in Figure 5d. Although scenario types are generalizations, providing a rough idea
of circumstances that can occur from time to time, they are useful because they synthesize
a collection of conditions for ease of discussion.
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Turner et al. [57] note the importance of scenarios for investigating vulnerability
(sensitivity conditions) and resilience (response to hazards) within human–environment
systems; units of measurements take the form of human-contextual and environmental-
contextual conditions. Birkmann et al. [51] consider a variety of dimensions based on
physical, ecological, social, economic, cultural, and institutional conditions for all four
V-R-R-S concepts, with these dimensions measured to set specific features, conditions
and events that contextualize the relation a1 → a2. Different features, conditions, and
events occur at diverse local, regional, national, and global scales (label g) because every
scenario is scale-dependent. Turner et al. [57] describe spatial, temporal, and functional
scales, as shown in Figure 3, using embedded scales (box frames), which infer relative sizes
(spatial extents) of areas. Spatial and temporal dimensions characterize feature attribute
scales, i.e., attribute scales follow from space–time scales. Together, spatial-, temporal- and
attribute-scale dimensions create a functional scale; that is, functional scales follow from
attribute conditions, associated with space–time scales. Birkmann et al. [51] enumerate
local, sub-national (aka regional), national, and international areal scales to embed func-
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tional relationships characterizing human–environment (e.g., people→ land development
→ water) interactions. Due to different scales, we recognize different levels of resolution
(label h) for events and conditions within diverse social, economic, cultural, institutional,
physical, and ecological domains. Land resolution in terms of land parcels provides an
institutional perspective as opposed to characterizing acres (or hectares) for land and acre-
feet for water. Turner et al. [57] embed human–environment relationships within place,
regional, and global scales, suggesting that scales and the features therein are each associ-
ated with finer to more coarse levels of resolution, i.e., individuals, groups, communities,
states, or nations. Controlling variables as stressors and variables of concern as receptors
require expression at specific levels of resolution, with finer levels of resolution providing
better feature articulation of interaction relationships. Furthermore, Birkmann et al. [51]
describe the susceptibility and fragility of conditions in terms of physical, ecological, social,
economic, cultural, and institutional dimensions, and as such, resolution of the relation
for susceptibility associated with vulnerability and fragility associated with resilience rely
upon fine to coarse units of resolution for articulation of these relationships.

Scenario considerations, with appropriate scales (spatial extents of areas) and resolu-
tions (unit of observables within those areas), guide the selection of stressor and receptor
features, conditions, and events that underpin functional performance. For example, con-
trolling variables as stressors (such as land as label a1) influence variables of concern as
receptors (such as water with label a2) over space–time horizons [14]. Turner et al. [57] and
Birkmann et al. [51] both describe hazards as being human and/or natural–environmental
sourced (i.e., a1 or a2). Turner et al. [57] describe the variability and change in human
conditions as the basis of variables of concern as receptors. Following-up on a previous
characterization of functional performance [26], Linkov et al. [29] describe three tiers of as-
sessment for functional performance relationships, considering different levels of resolution
for elements participating in these relationships.

Feedback (i) from causal influences is critical for understanding functional perfor-
mance sensitivities, particularly regarding reactions associated with tipping points. Feed-
back loops commonly create tipping points, causing systems to flip into a different state as
a reaction [14]. Turner et al. [57] suggest that nested spatial–temporal scales are important
for clarifying the different levels of resolution involved with feedback. Birkmann [69] rec-
ognizes the importance of feedback from events that foster successive rounds of (re)action.

Once insight about the interactions and the frames of reference that guide them is ob-
tained, we can expand the perspective to examine agency (directed motivation) when taking
action (label d1) implemented through social empowerment (label d2) and governmental (la-
bel d3) approaches. Birkmann et al. [51] reference risk governance regarding ‘human agency’
as motivation to act for improvement, and we recognize that this perspective extends to
VRRSability governance. Regulatory contexts situate the importance of social empower-
ment in risk assessment [73], now extending to risk and resilience [29], both showing a need
for practical methods and tools for performing assessments. Birkmann et al. [51] mention
the importance of societal empowerment in addressing vulnerability. Lam et al. [24] enu-
merates many geodemographic variables suitable for characterizing social empowerment.

VRRSability evaluation, as a third step within geodesign VRRSability assessment,
provides information insights for management intervention actions (label d). Social em-
powerment infuses stakeholder perspectives with diversifying perspectives on decision
priorities (label e1). Turner et al. [57] describe place-based adjustments including coping
and adaptation as responses to vulnerability. Birkmann et al. [51] describe how hazard
intervention and vulnerability (and by extension VRRSability) intervention as adaptation
(management action) can lead to risk reduction, while vulnerability intervention includes
exposure reduction, susceptibility reduction, and resilience improvement. Resilience im-
provement could include increasing capacities for mitigation (planning before disturbance
events), coping (acting during disturbance events) and recovery (efforts after disturbance
events). Birkmann [69] describes intervention systems that can address vulnerability threats.
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Linkov et al. [29] outline decision priorities that foster choices about interventions based on
evaluation of damage thresholds.

Decision priorities use guidelines from evaluation as they apply to potentially desired
and undesired impact outcomes (e2), remembering that all components together interact to
influence priority of outcomes. Thus, geodesign evaluation feeds forward when considering
geodesign alternatives, each with various associated impacts. All frameworks consider
impacts (degradations or improvements) at various levels of detail. Turner et al. [57]
describe impacts as consequences in response to hazards. Birkmann [69] describes impacts
within contexts of risk reduction and resilience improvement. Birkmann et al. [51] describe
impacts within a context of risk reduction. Lam et al. [24] describe impacts within a context
of vulnerability reduction. Linkov et al. [29] describe impacts within the contexts of risk
reduction and vulnerability improvement. Birkmann [69], Lam et al. [24], and Schultz and
Smith [28] consider impacts within multiple cycles over time, which aligns with emergency
management life cycles.

Different circumstances of human–environment conditions lead to alternate stable
states (label j): some preferred and others not preferred. Birkmann [69] and Walker and
Salt [14] describe alternate state conditions in relation to thresholds that create alternate
stable states of world conditions. Empowerment often involves social learning for setting
directions that influence conditions (label k). Although that sub-component is not rec-
ognized explicitly within any framework, it is important to include it in the VRRSability
framework because people within institutions act as agents of change.

Information technology-based knowledge systems can enhance learning to foster social
empowerment and effectiveness of management actions (label l). Knowledge-based sys-
tems embedded within geographic information systems are useful for exploring VRRSabil-
ity to support structural change [52,74]. Organizing many of the above components for
fostering structural change can enhance sustainable development (label e3), wherein long-
term structural change called ‘transformation’ leads to sustained functional performance
over the long term [64]. Correspondingly, recognition of resilience cycles over time will
foster sustainable development over the long term [24,69,71].

Turner et al. [57] recognize the importance of tools, but do not cite any references since
their framework was an early treatment of V-R-R-S concepts. Birkmann et al. [51] describe
tools and measurements (label m) that can be key to implementing software for assessing
vulnerability, risk, and adaptation. Lam et al. [24] implemented computer methods for
estimating resilience with subcomponents of vulnerability and adaptation using data at
county levels along the US Gulf of Mexico. Linkov et al. [29] compare risk and resilience
assessment methods to show that they are complementary to each other, and suggest how
software tools could also be complementarity if implemented appropriately. With the
above insights in mind, we now turn to outlining a VRRSability application focusing on
functional performance evaluation of GSI.

3. VRRSability Evaluation of Green Stormwater Infrastructure Functional Performance

In this section, we use the findings from the MOESIR Tiers 1–3, including the VRRSabil-
ity synthesis elucidated above, for articulating a case study example focusing on the
functional performance of GSI. Eckart et al. [7] investigate the functional performance
of low-impact development (LID), and called for research on GSI decision evaluation at
watershed and regional scales. Their research identifies several LID alternatives that per-
form various functions for returning stormwater runoff to the natural hydrologic cycle,
including (1) a reduction in surface water runoff volume, (2) infiltration improvement,
(3) a reduction in peak flow, (4) extending lag time reduction in pollutant loads, and (5) an
increase in baseflow [7]. Each of those five functional performance behaviors contributes to
a level of ‘functional performance’ for improving water flow and quality. The GSI example
described herein adopts this perspective on water-focused GSI functional performance as
an important focus within a ULWS, while treating the other components as needed.
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The GSI example provides a proof-of-concept application toward making MOESIR
Tiers 1–4 operational across various scales. This functional performance relationship is
key to our GSI example, whether one examines two or more individual system elements,
two or more subsystems within an individual system, or two or more interconnected
systems. Regardless of the level of aggregation, GSI functional performance is at the
core of ULWS relationships. Land–water relationships include components of land (a1),
water (a2), land–water relationships (b1) and surge occurrences (b2), together with the
resulting impacts (e1), e.g., degradation of the land or the water resource, for a1 or a2,
whichever is relevant for the focus of functional performance. The direction of influence
is important when characterizing the relation (i.e., arrows that depict interaction among
elements). For example, the interaction between land (a1)→ water (a2) would involve land
cover (a1) as a stressor and water (a2) as a receptor. Alternatively, the interaction between
water (a1)→ land (a2) would involve water as a stressor (flood conditions) and land as a
receptor (infiltration conditions). For both cases, dose–response sensitivity thresholds (c)
are associated with each interaction. Water can suspend only so much contaminant material,
e.g., phosphorous, nitrogen, or sediment with or without heavy metals(s). Alternatively,
land can become saturated to a level wherein additional water causes flooding. Places are
potentially vulnerable depending on the collocation of exposure and levels of influence, but
specific measurements such as hectares (acres) of land and cubic feet (acre-feet) of water
are required for the computation of risk probability.

As mentioned in the introduction, let us consider the water resource assessment of
the Puget Sound Characterization (PSC) conducted by the Washington State Department
of Ecology [74]. The geographic information system-enabled (GIS) multi-scale approach
that addresses all nineteen watersheds within the Puget Sound basin represents a com-
prehensive water resource assessment of the regional resource. The assessment is part
of the Puget Sound Partnership effort to understand land–water dynamics at multiple
spatial and temporal scales, focusing on the influence of water flow on quality plus fish and
wildlife habitats; the GIS data are available on the Washington Ecology GIS website [75].
The assessments examine water flow (WF), water quality (WQ) and habitat condition (HC).
WF is of critical functionality within the water system in Puget Sound basin as it influ-
ences WQ and HC, particularly in relation to the health of salmon populations. The WF,
WQ, and HC assessments include variables that combine with their respective functional
performance levels. Considering a causality chain, WQ and HC functional performance
stem from WF functional performance. Furthermore, the WF assessment points out that
WF is a function of rainfall (RF) and land cover imperviousness (LCI), and the infiltration
relationship between RF and LCI.

From the assessed levels of functional performance for WF, WQ, and HC, the PSC
team recommended water resource planning strategies for local governments. Surprisingly,
a text string search of the PSC volume 1 document (.pdf format) did not find explicit use
of any V-R-R-S concepts. However, a search of other terms (e.g., water and assessment,
etc.) did return results. Nonetheless, because the PSC report subtitle is “water resource
assessments” and focuses on the importance and degradation of WF, WQ, and HC, we
surmise that most researchers and practitioners would agree that V-R-R-S evaluations,
and hence the VRRSability conceptual framework, could provide important evaluative
information within V-R-R-S assessments. Furthermore, operationalizing VRRSability is
possible only if all V-R-R-S components can be made operational. With WF being the most
critical subsystem in relation to WQ and HC, space limitations encourage a focus on WF,
while treating WQ and HC in relation to WF.

The VRRSability components listed in Table 3 and relationships depicted within
Figure 3 provide the basis for a functional performance relationship (a1→ b1→ a2) that
characterizes GSI VRRSability more specifically (Figure 7). In the PSC report [74], WF
functional performance is computed as a combination of two main conditions, landscape
physiographic conditions contributing to the unaltered capacity of the WF regime, and
degradation of the land cover, which reduces the capacity of the WF regime. As such, WF
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functional performance is the combination of the level of importance of the physiographic
conditions that facilitates flow function plus the level of degradation to flow function due
to land development.
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Detailing the WF regime, drainage analysis units (AUs) within the PSC watershed
areas compose landscape groups with similar environmental characteristics, including pre-
cipitation, landform, and geology. The current version of model characterization includes
landscape groups using geographical positions in terms of coastal, lowland, and mountain
areas, plus a subset of lowland AUs that drain to one of four large lakes. In the models that
assess AU importance, the study team compared AUs within landscape groups, but not
between landscape groups. The PSC report states the following [74]:

“The importance submodel evaluates each AU in its ‘unaltered’ state—that is,
based on its physical attributes of topography, soils, geology, and hydrology, and
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without any consideration of land-use changes or human modifications that may
have occurred. It considers four fundamental groups of water-flow processes:
delivery, surface storage, movement (separated into recharge and discharge), and
loss of water in each AU. The fundamental assumption is that different parts of
the landscape have intrinsic differences in their importance for supporting natural
volumes, rates, and timing of delivery, storage, movement, and loss. Those areas
that are most essential to maintaining natural flow regimes will presumably be
those areas most critical to the support of aquatic biota that have evolved in
concert with these natural conditions”. [74] (p. 43)

The PSC report also states the following:

“The degradation submodel evaluates the watershed in its ‘altered’ state by con-
sidering the impact of human actions to the four water-flow processes (delivery,
storage, movement, and loss) across all landscape groups. This evaluation is
based on the magnitude of human-affected land cover (for the Puget Sound re-
gion, this is assumed to be all non-forest land, except those limited areas that are
natural grassland), constructed infrastructure (roads and rooftops), and measures
of consumptive water extraction and use”. [74] (p. 44)

Based on the above narrative, the vulnerability of WF functional performance involves
exposure to threats associated with sensitive conditions, e.g., the number of days without
precipitation within a season. Dryness stems from the climate condition, which involves air
and water circulation. WF functional performance is sensitive to the number of dry days,
i.e., sensitivity increases when more than normal dry days occur. Vulnerability, in terms of
exposure to dry conditions, would suppress WF functional performance. The risk of WF
functional performance incorporates vulnerability, but the level of measurement is more
refined, extending to a probability of harm resulting in damage to WF. Given a cycle of
events within a season, we can compute the probability of damage to vegetation due to
low water across a season, i.e., the risk of harm to vegetation increases when water avail-
ability decreases. This becomes an impact indicated on the right side of the LULC→WF
interaction relationship depicted in the center of Figure 7. The probability of damage does
not, however, offer insight about what to do to improve conditions, which is one reason
for an emerging interest in resilience, shown on the left side of Figure 7. Resilience of WF
functional performance focuses on the relationship between disturbance and improvements
of functional performance conditions. In regard to functional performance, resilience is
an inverse of risk; therefore, damage to functional performance plus remaining functional
performance capacity equals total performance [26,27]. Resilience offers insight into the
total capacity to respond to disturbances over time. Management action, in the form of
LULC policy, is one such action, wherein these actions are often seasonal. Sustainability
of WF functional performance focuses on maintaining a level of performance delivery
satisfactory to all stakeholder groups over the long term (impacts on right side of Figure 7).
Goal setting would be reasonable; goals and associated objectives are likely to involve
decision trade-offs to maintain satisfactory functional performance, e.g., human drinking
water, crop irrigation, and salmon habitats would involve many such trade-offs (priority
settings on the left side of Figure 7). Overtime, an amount of damage to performance
(considering risk) plus the amount of performance capacity (considering resilience) equals
the total satisfactory functional performance over time. Therefore, sustainable functional
performance in relation to satisfactory functional performance might be higher, the same,
or lower depending on extant conditions, e.g., within scenarios developed using various
assumptions about space–time conditions at local and regional scales. The above considera-
tions are helpful for distinguishing and relating the VRRSability components, providing a
guide to making V-R-R-S concepts operational in an integrated manner.

Within threshold diagrams of functional performance (e.g., Figure 5), time is as-
sumed as the underlying relationship within the controlling variable; as such, the third
dimension is assumed. Therefore, characterizing GSI functional performance, i.e., LULC
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imperviousness (in particular low-impact development) as a1 in association with func-
tional performance of WF (a2), requires at least two 2D functional performance dia-
grams similar to Figure 4 because ‘time’ is the independent variable within the functional
performance diagram.

For a given amount of water, the magnitude of infiltration (different for various imper-
viousness surfaces) across the amount of land area influences the amount of water filtering
through the soils for groundwater recharge or seepage back into watercourses. For a given
amount of land, the magnitude of water influences the amount of (potential) flooding that
will likely occur for that land area. There are threshold magnitudes for both land and
water as part of a dose–response relationship that subsequently results in impacts from
infiltration or flooding. Based on Figure 5, thresholds for dose-response and interaction
during evaluation modeling of green infrastructure include the (sub) components c, d1, d2,
d3 and e3.

Depending on the magnitudes and timeframes as conditions, we might expect one
or more of the scenarios to occur. Resources that commensurate with those conditions
drive management actions for addressing conditions as less or more vulnerable, less or
more risk prone, less or more resilient, and less or more sustainable; and together, these
factors result in less or more VRRSability impacts. Based on Figure 6, operationaliza-
tion (m) of VRRSability must include one or more scenarios (f) for contextualizing GSI
decision evaluation modeling. Such scenarios specify space–time conditions, but not all
conditions. Decision evaluation modeling must also include the other six contextual sub-
components for particularizing situations, including the following: scale (g), resolution (h),
feedback (i), alternate stable states (j), social learning (k), and knowledge systems (l). As
mentioned earlier, scenarios at global to local scales include different forcing mechanisms
for natural processes. As such, precipitation that causes stormwater can take on different
spatial–temporal dynamics, wherein global processes of warmer oceans together with wind
patterns can cause widespread and longer-lasting precipitation events across regions. Such
large-scale events would encourage consideration of regional GSI development programs
rather than single project activities. GSI investment programs as part of the more tradi-
tional capital investment in infrastructure programs are needed to address resilient and
sustainable conditions. These six components represent a specification of social, economic,
and physical conditions for contextualizing WF within a geographically based knowledge
society. Each of the six components specify conditions of a particular situation needed for
operationalizing VRRSability evaluation of GSI for watersheds.

4. Trade-Offs within a Green Stormwater Infrastructure Decision Evaluation

Changes in the conditions of complex human–environment systems over space and
time encourage research into synthesis concepts about evaluating decision objective trade-
offs that addresses the third and final clause within the research question. Elucidating all
combinations of V-R-R-S and synthesizing them into a concept called VRRSability enables a
wide-ranging perspective about what components and sub-components to consider within
evaluation models. While the general overview of relationships is useful for understanding
the scope of influences, drilling down into the details of the stressor–receptor functional
performance relationship, i.e., a1 → b → a2, required several two-variable diagrams to
characterize functional performance (as offered in Figures 4–6). Four different scenarios
of functional performance levels are provided in Figure 6, each offering a different shape
of the curve, which show dramatic effects. When adding time into the functional rela-
tionship, as in Figure 6, we see that there are at least four possible scenarios. Factoring
in Figure 5 relationships (stressors and receptors) and Figure 6 relationships (functional
performance over time) results in at least 16 scenarios. Considering each of the V-R-R-S and
VRRSability concepts, i.e., five concepts each applied to sixteen scenarios, results in eighty
different scenarios. Such a conceptual enumeration begs for a computational approach, as
a computational approach offers specificity for making decision objective trade-offs for any
given application. Nonetheless, because a computational approach requires conceptual
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grounding, a narrative-based discourse of these concepts offers further clarification of the
trade-offs as follows.

Resilience (as depicted in Figures 4–6) offers a core (relationship) concept within
VRRSability because resilience is an important quality for understanding improvement or
degradation of well-being. The common dimension across Figures 4 and 5 is functional per-
formance, e.g., the level of water flow improvement within a land–water GSI relationship.
Units of measure for the dimensions of Figures 4 and 5 can be implemented in both ordinal
and interval–ratio terms. At present, they are characterized in ordinal terms. Measuring
those dimensions is key to implementing VRRSability for decision objectives. Evaluation
trade-offs for decision objectives, which relate the controlling variable to the variable of
concern in Figure 5, are fundamental in forming GSI decision options. Characterizing
evaluation trade-offs across time as depicted in Figure 6 is a further explication of decision
options, but we must draw upon the relationships among V-R-R-S concepts if we are to
understand trade-offs.

For each of the four V-R-R-S concepts, consider the functional relationships among
land cover, water flow, and water quality (LC→WF→WQ), wherein LC is the stressor
and WF is the receptor for LC → WF, and WF is the stressor and WQ is the receptor
for WF → WQ (See Table 4). Column 2 offers the unique character of each V-R-R-S
concept described in terms of ‘sensitivity, harm, improvement and long-term well-being,
respectively. Columns 3 and 4 present the stressor and receptor characterizations for LC
→WF and WF→WQ, respectively. Column 5 presents the full functional performance
relationship for LC→WF→WQ in the respective context.

Table 4. V-R-R-S component relationships for land cover (LC), water flow (WF), and water quality
(WQ) 1.

V-R-R-S Concepts LC→WF→WQ Focus
LC→WF Functional
Performance
Relationship

WF→WQ Functional
Performance
Relationship

LC→WF→WQ
Functional Performance
Relationship

Vulnerability
Sensitivity of WF to LC
type; sensitivity of WQ to
WF

Land-cover (LC)-type
imperviousness and
contamination of WF

WF in acre-feet and WQ
contamination in ppm in
relation to standard

Potential WQ ppm in
relation to WF range in
relation to LC
imperviousness over
space–time

Risk

Probability of harm to WF
from LC-type
imperviousness;
probability of harm to WQ
from WF

Probability that LC type
leaches contamination into
WF due to imperviousness

Probability that WF
column releases WQ
contamination in ppm

Probability of WQ harm at
WF levels of probability in
relation to LC
imperviousness over
space-time

Resilience

WF improvement based
on LC improvement; WQ
improvement based on
WF improvement

Probability of LC
improvement that can
influence WF
improvement

Probability that WF and
WQ can improve in
relation to standards

Probability of WQ
improvement at WF levels of
probability in relation to LC
imperviousness over
space–time

Sustainability
Maintain long-term
well-being of LC, WF, and
WQ

Maintain long-term
achievement of LC for low
impact to WF

Probability that WF and
WQ stay above standard
over the long term

WF and WQ cumulative
performance over
space–time in relation to LC
imperviousness over space
and long–term time

1 Boldface entries indicate emphases of the V-R-R-S concepts.

The relationship of LC → WF → WQ (abbreviated as LC → WQ) functional per-
formance is the basis for examining each of the V-R-R-S concepts in a pairwise manner
(Figure 8). Arraying VRRSability components in terms of dimensions helps characterize
geodesign decision evaluation trade-offs regarding functional performance among pairs of
V-R-R-S concepts. Dimensions range from the minimum (min) to maximum (max) for each
of the four V-R-R-S concepts, wherein each dimension characterizes an aspect of functional
performance. The characterization shown in Figure 8 depicts the complementarity and
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inverse relationships of the V-R-R-S concepts. Vulnerability and risk complement each
other. Resilience and sustainability are complements to each other. Vulnerability and
sustainability are inverses of one another. Risk and resilience are inverses to one another.
As such, a position within the framework identifies a trade-off for both VUL-SUS and
RISK-RES dimensions; assuming we hold the other dimension constant. A position along
the VUL-SUS dimensions (vertical dimensions in figure) indicates a trade-off between harm
sensitivity and maintaining well-being. Positions along the RISK-RES dimensions (hori-
zontal dimensions in the figure) indicate a trade-off between harm impact and capability
(capacity + ability) to maintain well-being. The center point intersection of dimensions
identifies a ‘balanced position’ among all four components, which may or may not be a
beneficial condition. A position at maximum sensitivity and maximum harm is a position
corresponding to minimum resilience and minimum sustainability. In contrast, a position at
minimum sensitivity and minimum harm corresponds to a position of maximum resilience
and maximum sustainability. The descriptions within the four quadrants offer further
insight into the relations among the V-R-R-S concepts in a binary manner. We note that the
figure depicts general relationships among the components; thus, we must be cautious that
some (desired) conditions in the world might encourage other interpretations. For example,
annual flooding of the Snoqualmie River just east of Seattle, WA, encourages nutrient
renewal on an annual basis, so what was generally considered a high risk can at times be
beneficial (high as opposed to low resilience). However, a knowledge-based operational
model can sort through such relationships, and remains a goal in future research.
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Pair-wise relationships are useful, but VRRSability is composed of all four concepts.
Thus, we use binary, ternary and quaternary relations of the concepts to understand the
basis of trade-offs (Table 5 is a summary and Table A1 in Appendix A offers a full table).
Reading through the tables, there is a ‘building block’ relationship among the V-R-R-S
concepts. Note that the last row entry is V-R-R-S, i.e., VRRSability. All other rows offer
‘coded relations’, e.g., Vul-Risk-Res, for describing the concepts. As before, land cover (LC)
in relation to water flow (WF) in relation to water quality (WQ) functional performance
relationships (i.e., LC→WF→WQ abbreviated as LC→WQ) appear for each of the binary,
ternary, quaternary V-R-R-S coded relations. Remember, WF is a receptor in the LC→WF
relationship (Table A1, column 3), but is a stressor in the WF→WQ relationship (Table A1
column 4). A summary of the trade-offs for the land cover to water quality functional
relationship (LC→WF→WQ) appears in column 3 (Table 5), and that same summary
appears in column 5 (Table A1). All of the functional relationships can be used to guide
decision evaluation trade-offs for each of the eleven coded relations, when such relations
are relevant to decision negotiation. LC-type (LULC imperviousness) contingencies for WF
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are presented in Appendix A Table A1, columns 3 and 4, which is the primary reason the
full table is more informative, and more useful when moving toward operationalization.

Table 5. Summary of V-R-R-S binary, ternary, and quaternary relations for undergirding functional
relationships among land cover (LC), water flow (WF), and water quality (WQ). Appendix A Table A1
offers a fully expanded version of Table 5.

V-R-R-S Relations Relationship as a Basis for Trade-Off
between V-R-R-S Concepts

LC→WF→WQ Functional Relationship, Abbreviated as
LC→WQ

Vul-Risk Direct relation between receptor (vul)
sensitivity and (risk of) harm to receptor.

When LC imperviousness increases (decreases) or WF
decreases (increases), probability of harm to WQ likely
increases (decreases)

Vul-Res
Indirect relation between receptor (vul)
sensitivity and (res of) improvement of
receptor.

When LC imperviousness increases (decreases) or WF
decreases (increases), probability of improvement in WQ
likely decreases (increases)

Vul-Sus
Indirect relation between (vul) sensitivity
and (sus) maintenance of long-term
well-being

When LC imperviousness increases (decreases) or WF
decreases (increases), maintenance of long-term well-being
of WQ likely decreases (increases)

Risk-Res Indirect relation between (risk of) harm
and (res of) improvement

When LC imperviousness increases (decreases) and WF
increases (decreases), WQ (receptor) probability (of risk)
harm increases (decreases), and probability of WQ (res)
improvement likely decreases (increases)

Risk-Sus
Indirect relation between (risk of) harm
and (sus) maintenance of long-term
well-being

When LC imperviousness increases (decreases) and WF
increases (decreases), WQ (receptor) probability (of risk)
harm increases (decreases), and maintenance of long-term
well-being decreases (increases)

Res-Sus
Direct relation between (res) probability
of improvement and (sus) maintenance of
long-term well-being

When LC imperviousness increases (decreases) and WF
increases (decreases), probability of WQ improvement likely
decreases (increases), and (sus) maintenance of long-term
WQ well-being likely decreases (increases)

Vul-Risk-Res
Direct relation between (vul) sensitivity
plus (risk) harm with indirect relation to
(res) improvement

When LC imperviousness increases (decreases) or WF
decreases (increases), probability of harm to WQ likely
increases (decreases), and probability of improvement in
WQ likely decreases (increases)

Vul-Risk-Sus

Direct relation between (vul) sensitivity
plus (risk) harm with indirect relation to
(sus) maintenance of long-term
well-being

When LC imperviousness increases (decreases) or WF
decreases (increases), probability of harm to WQ likely
increases (decreases), and probability of improvement in
WQ likely decreases (increases), and (sus) maintenance of
long-term WQ well-being likely decreases (increases)

Vul-Res-Sus
Indirect relation between (vul) sensitivity
and (res) improvement and (sus)
maintenance of long-term well-being

When LC imperviousness increases (decreases) or WF
decreases (increases), probability of improvement in WQ
likely decreases (increases), and (sus) maintenance of
long-term WQ well-being likely decreases (increases)

Risk-Res-Sus

Indirect relation between (risk) harm and
(res) improvement with direct relation
between (res) improvement and (sus)
maintenance of long-term well-being

When LC imperviousness increases (decreases) and WF
increases (decreases), WQ (receptor) probability (of risk)
harm increases (decreases), and probability of WQ (res)
improvement likely decreases (increases), and (sus)
maintenance of long-term WQ well-being likely decreases
(increases)

Vul-Risk-Res-Sus
aka VRRSability

Direct relation between (vul) sensitivity
and (risk) harm with indirect relation to
(res) improvement and (sus) maintenance
of long-term well-being

When LC imperviousness increases (decreases) or WF
decreases (increases), probability of harm to WQ likely
increases (decreases), and probability of improvement in
WQ likely decreases (increases), and (sus) maintenance of
long-term WQ well-being likely decreases (increases)
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Acting as a guide for moving toward implementation of operational models, Table 2
enumerates several approaches to operational models for combinations of V-R-R-S address-
ing trade-offs, although none of them treat all four concepts that demonstrate evaluation
trade-offs. Nonetheless, the several combinations of two and three concepts can provide
a solid next step when considering the enumeration of relationships as per Table 5. For
example, mathematical operational models are published for combinations of Vul-Risk
about social–ecological systems [16] and safety within hazardous systems [17]. Although
Aven’s [17] approach is the more complete of the two, unfortunately neither is spatially ex-
plicit. Vul-Risk in Table 5 shows that a spatial–temporal explicit approach to land and water
systems is necessary. A statistical spatially explicit operational model of the U.S. Gulf Coast
exists for the combination of Vul-Res [24]; although it is temporally explicit, the temporality
is limited. A geodesign operational model exists for Vul-Sus [2], but trade-offs between GSI
scenarios are not treated in an explicit manner. Operational models combining trade-offs
between Risk-Res include a mathematical model [27], a multicriteria decision model [30],
and a spatially explicit simulation model [31]. Combining those three approaches offers
valuable insight for integrating all combinations of V-R-R-S. Operational models combining
trade-offs between Res-Sus include a spatially explicit statistical model for social–ecological
systems [37,38] and composite indicator models for wastewater management [45]. Compos-
ite indicators offer a simple but effective approach for providing insights about functional
performance levels. Operational models combining trade-offs among Vul-Risk-Res include
a mathematical approach for earthquake seismic concerns [46], a qualitative approach to so-
cial concerns in social–ecological systems [59], and a general model about safety [50]. Those
models provide insights about the explicit treatment of trade-offs that can improve the
implementation of trade-offs. Operational models combining trade-offs among Risk-Res-
Sus include two numerical models about bridge infrastructure [64,65]. Since Risk-Res-Sus
are treated within those operational models, and Vul is often considered part of Risk,
these approaches may be the next steps for implementing VRRSability. One operational
model treats the collection of Vul-Risk-Res-Sus in the form of a time-series assessment of
a water reservoir system [68], but trade-offs are not considered. The above observations
suggest that a modeling platform that treats all combinations of V-R-R-S can be useful for
comprehensive evaluation of VRRSability decision trade-offs. Furthermore, the entries in
Table 5, and particularly entries in Table A1, suggest a detailed collection of data needs that
can be useful for model operationalization once the research reaches that phase of effort.

5. Discussion

This paper elucidates the relations among V-R-R-S and the 13 components with respec-
tive sub-components. The Venn diagram approach to synthesis fell short for full elucidation
of V-R-R-S concept combinations compared to a table that could enumerate all 2, 3, and 4
concept combinations. The latter enumeration provided a basis for considering how various
types of information structures could depict relationships among the 13 components.

A box–relation information structure was selected for portraying a VRRSability con-
ceptual framework because it provides a synoptic compromise between the narrative and
operational approaches. Five sophisticated box–relation examples were chosen to repre-
sent component relationships across the components and sub-components as potential for
organizing a VRRSability conceptual framework. We highlighted in bold a collection of the
most effective characterizations of components for forming a comprehensive conceptual
framework of VRRSability. Those selections were synthesized and organized to depict
the ‘related to’ relationship at the core of the VRRSability conceptual framework. Many
iterations were needed to develop the framework, but the iterations were guided by excel-
lent partial frameworks. Whether this framework is truly comprehensive awaits further
confirmation with operational models.

We applied the VRRSability conceptual framework to a UWLS, focusing on the
VRRSability of GSI, particularly land cover in relation to water flow. The example provides
a proof-of-concept validation of the relationships. Within a ULWS, land influences on water
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and water influences on land are both possible. Land influence on water is often seen as
(potentially contaminated) ‘run-off;’ while water influence on land is seen as irrigation
or flooding after the land is saturated. We chose the former land to water relationship
as GSI for an application of the conceptual framework. The ULWS application helped
verify the character of conceptual relations, demonstrating that the VRRSability of ULWS is
indeed a useful and important application that would be improved considerably when a
computational approach is available.

Using an ordinal level of measurement for the GSI functional relationship, decision
evaluation trade-offs among vulnerability, risk, resilience, and sustainability include the
following examples: (1) minimizing the sensitivity of receptors to harm from hazard(s)
as part of vulnerability, (2) minimizing the probability of harm to receptors as part of
risk, (3) maximizing the probability of capability for the improvement in wellbeing as
part of resilience, and (4) maximizing the capability to maintain well-being over the long
term. V-R-R-S concepts were arrayed in terms of dimensions to depict complementary and
inverse relationships. This made it easier to characterize decision evaluation trade-offs
within and among functional performance relationships in the context of V-R-R-S concepts.
These relationships will be a key guide to specifying and implementing operational models
of VRRSability.

Operationalization of decision evaluation trade-offs requires specification of data mea-
surement units (metrics) within operational models designed by research practitioner ana-
lysts. Identifying units of measurement for the thirteen components plus sub-components
characterized can be accomplished more easily for operational models based on the ta-
bles and frameworks presented herein. If these frameworks are not yet suitable, at least
research groups now have a head start with sorting through the complexity to develop
their own frameworks as researchers work toward comprehensive operational models.
The enumeration of V-R-R-S partial combinations (Tables 4 and A1) together with units of
measurements (Table 1) can act as a guide for the comprehensive evaluation of VRRSability
decision trade-offs.

6. Conclusions

Three main contributions to knowledge emerge from the research effort reported in
this paper. First, the results about VRRSability synthesis flesh out MOESIR Tier 2 ontology
as a proof of concept and elucidation of its use within a geodesign assessment of green
stormwater application fleshes out MOESIR Tier 4 epistemology as a proof of concept,
which together provide motivation for the continued use of the MOESIR framework as
a guide for improving geospatial decision support research and development. Second,
the VRRSability conceptual framework composed of components and relations among
them provides a solid foundation (in both breadth and depth) for the next step in oper-
ationalizing models characterizing decision evaluation trade-offs among (1) minimizing
the sensitivity of receptors to harm from hazard(s) as part of vulnerability, (2) minimiz-
ing the probability of harm to receptors as part of risk, (3) maximizing the probability
of capability for improvement in wellbeing as part of resilience, and (4) maximizing the
capability to maintain well-being over the long term. Third, informed by the conceptual
framework, operationalization of VRRSability models using a VRRSability intelligence
ramp of data, information, evidence, knowledge and wisdom can take advantage of two
artificial intelligence directions: GeoAI technology composed of three pillars (i.e., high-
performance computing, machine learning, and geospatial big data), which interact to
provide insights and large language model (LLM) technology based on massive knowledge
graphs to provide insights about VRRSability decision evaluation trade-offs.

In this synthesis of VRRSability, the number of V-R-R-S items being treated is beyond
most peoples’ abilities when faced with making comparisons of evaluative constructs;
therefore, computer-based decision support is required. The next steps for improving the
designs of decision support software through systematic consideration of VRRSability
decision trade-offs require operational modeling. As such, practical recommendations
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for the next steps in the research effort can draw information from Tables 1, 2, 4 and A1
to offer direct insights into operational modeling across the combinations of V-R-R-S. As
we examined each combination of V-R-R-S, many of those approaches identified with
operational modeling will provide solid next steps for exploring the implementation of
models. Some approaches offer useful insights about measurement, while others offer
useful insights about multicriteria analysis. Some approaches offer insights about how to
implement spatial and/or temporal models, while others offer insights about implementing
trade-offs. We justified the selection of the thirteen components based on a preponderance
of corroborating evidence culled from studies containing definitions and frameworks of
one or more of V-R-R-S concepts. Although a preponderance of evidence approach will
likely be used for enumerating operational constructs, a more structured approach such
as SWOC (Strength, Weakness, Opportunity and Challenge) analysis [76] can provide
additional insights for justifying and validating a selection of operational constructs. All of
these insights can be useful for further integration and synthesis for implementing a family
of operational models of VRRSability.

Operationalizing comprehensive models of VRRSability might look to GeoAI research
that combines machine learning on big spatial data and ontology frameworks for develop-
ing knowledge-based systems [8] and/or to LLMs that operationalize massive narrative
text, with both approaches using knowledge graph technology [77,78]. Measurements for
variables of ULWS could be used in machine learning to obtain insights about trends, as a
form of inductive inference. Concepts and relations in the conceptual framework could be
used as an ontology for analyzing and synthesizing information, and when verified, that
insight becomes evidence. Use of that ontology takes the form of deductive inference to
guide machine learning. Merging (moving between) machine learning with big data (induc-
tive reasoning) and analysis/synthesis with ontology (deductive reasoning) approaches as
a cycle of processing constitutes the basis of GeoAI [8], and is the strategy employed in ab-
ductive reasoning, as a more effective approach for discovering hypotheses for knowledge
building than either inductive or deductive reasoning alone [79]. GeoAI approaches have
been used to merge data science, big spatial data, and geographic information systems and
science to improve smart city approaches for spatial planning and decision support [80].

An approach to a GeoAI-VRRSability application could be as follows. VRRSability
can be the ontology that serves as the schema that defines the semantic structure of V-R-R-S
domain knowledge. With this, a knowledge graph can be created that is manually and auto
populated with millions of triples: <subject, predicate, object>. This knowledge graph can
be conversed via natural language queries by humans, as well as be the starting point for
the GeoAI agent to find patterns, learn, adapt, and suggest robust and/or novel geospatial
decision support. Critical to the success of this vision is ensuring this starting “top down”
ontology is correct. The contributions in this paper move us closer as a community to that
type of development.

As a supplement to GeoAI, AI for LLM software technology has been developing for
decades, but recent wide-spread availability of highly parallel computing has made LLMs
more viable for synthesizing large amounts of text [77,78]. Such syntheses can enhance so-
lutions that address the myriad of relationships within complex GSI decision problems that
are often common in addressing improvement across ULWS, for example by reducing hal-
lucinations and improving reasoning accuracy through augmentation by knowledge graph
representations [81]. Furthermore, LLMs have been shown to enhance the transparency
of large amounts of narratives within sustainability reports [82]. Adding VRRSability
ontology and epistemology to that mix of GeoAI and LLM technology will likely advance
the transparency of decision evaluation trade-offs within geodesign decision problem
assessment for ULWS within participatory decision settings. For example, Participatory
AI can be used to help professional facilitators improve the way stakeholder participatory
and decision-making processes are structured and performed [83]. The amount of LLM
AI agents that can support VRRSability is exponentially increasing [84]. There is also the
frontier of artificial general intelligence [85] that broadens the many specific AI areas of
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expertise, like GeoAI and Participatory AI, in integrated AI with the goal of supporting
VRRSability. An enabling factor for this is the recognition that the VRRSability intelligence
ramp as a novel contribution to the data–information–evidence–knowledge–wisdom spec-
trum can be enabled by including purpose as a pivotal parameter, thus contextualizing
how data are processed into wisdom [85]. If we as a community can ensure that MOESIR
and VRRSability are right, then many other promising developments can flow.

Moving toward operational modeling of VRRSability can benefit from using a conver-
gent research approach, which combines analysis and synthesis approaches while taking
advantage of CyberGIS computing [9]. CyberGIS computing employs big data and high-
performance resources as two of the three pillars of GeoAI [8], and as mentioned earlier, the
original context motivates the development of MOESIR. CyberGIS computing can improve
geodesign decision support applications of GSI with big data resources [9] and improve
decision support processing of ULWS with high-performance computing. Developing
insights across an intelligence ramp of data–information–evidence–knowledge–wisdom
using CyberGIS-enabled GeoAI resources may provide the exciting next steps for opera-
tionalizing and implementing the MOESIR framework, and thereby considerably enhance
ULWS-focused geodesign decision support.

Finally, recommendations about the next steps for follow-on research by researchers
across the world include broadening the VRRSability synthesis to address other geodesign
application areas requiring the specification of variables and measurements (at MOESIR
Tier 4). Many research application areas are in need of improved assessment of conditions,
e.g., ocean ecosystem resources under considerable pressure from warming ocean regions,
wildfire hazard pressures on forest ecosystem resources, water resource pressures such as
extended droughts causing regional famines, aquifer depletion with associated collapses of
farm productivity, homelessness community issues within urban–regional settings, and
almost any application area addressing sustainable system health and well-being. Address-
ing any one (or more) of these topic areas will likely broaden and deepen our knowledge
about applications at MOESIR Tier 4, and provide insights into the VRRSability synthesis
at MOESIR Tier 2, while at the same time improving geodesign decision evaluation (as-
sessment) by offering insights into MOESIR Tier 3, thereby enhancing decision support
research and practice for communities around the world.
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Appendix A

Table A1. V-R-R-S binary, ternary, and quaternary relations for undergirding functional relationships
between land cover (LC), water flow (WF), and water quality (WQ). This table offers the full collection
of table cells as an expansion of Table 5.

V-R-R-S Relations
Relationship as a Basis
for Trade-Off between
V-R-R-S Concepts

Land Cover (LC) to Water
Flow (WF) Functional
Relationship

WF to Water Quality (WQ)
Functional Relationship

LC→WF→WQ
Functional Relationship

Vul-Risk

Direct relation between
receptor (vul) sensitivity
and (risk of) harm to
receptor

When LC (stressor) increases,
e.g., from low to high
imperviousness, (vul)
sensitivity of WF (receptor)
increases, WF probability of
harm (risk) likely increases

When WF (stressor)
decreases, WQ (receptor)
sensitivity (vul) increases,
and WQ probability of harm
(risk) likely increases

When LC imperviousness
increases (decreases) or
WF decreases (increases),
probability of harm to WQ
likely increases (decreases)

Vul-Res

Indirect relation between
receptor (vul) sensitivity
and (res of) improvement
in receptor.

When LC (stressor) increases,
e.g., from low to high
imperviousness, (vul)
sensitivity to WF (receptor)
increases, probability of WF
improvement (res) likely
decreases

When WF (stressor)
decreases, WQ (receptor)
sensitivity (vul) increases,
and WQ probability of
improvement (res) likely
increases

When LC imperviousness
increases (decreases) or
WF decreases (Increases),
WQ probability of
improvement likely
decreases (increases)

Vul-Sus

Indirect relation between
(vul) sensitivity and (sus)
maintenance of long-term
well-being

When LC (stressor) increases,
e.g., from low to high
imperviousness, (vul)
sensitivity to WF (receptor)
increases, WF maintenance of
long-term well-being likely
increases

When WF (stressor)
decreases, WQ (receptor)
sensitivity increases, and
WQ maintenance of
long-term well-being likely
increases

When LC imperviousness
increases (decreases) or
WF decreases (increases),
maintenance of long-term
well-being of WQ likely
decreases (increases)

Risk-Res
Indirect relation between
(risk of) harm and (res of)
improvement

When LC (stressor) increases,
e.g., from low to high
imperviousness, (risk)
probability of harm to WF
(receptor) likely increases, and
(res to) improvement
decreases

When WF (stressor)
increases, WQ (receptor)
probability (of risk) harm
increases or decreases
depending on LC type, and
probability of improvement
(res) to WQ increases or
decreases depending on LC
type

When LC imperviousness
increases (decreases) and
WF increases (decreases),
WQ (receptor) probability
(of risk) harm increases
(decreases), and
probability of WQ (res)
improvement likely
decreases (increases)

Risk-Sus

Indirect relation between
(risk of) harm and (sus)
maintenance of long-term
well-being

When LC (stressor) increases,
e.g., from low to high
imperviousness, (risk)
probability of harm to WF
(receptor) likely increases and
(sus) maintenance of long-term
well-being likely decreases

When WF (stressor)
increases, probability of
harm (risk) to WQ (receptor)
increases or decreases
depending on LC type, and
(sus) maintenance of
long-term well-being
increases or decreases
depending on LC type

When LC imperviousness
increases (decreases) and
WF increases (decreases),
WQ (receptor) probability
(of risk) harm increases
(decreases), and
maintenance of long-term
well-being decreases
(increases)

Res-Sus

Direct relation between
(res) probability of
improvement and (sus)
maintenance of long-term
well-being

When LC (stressor) increases,
e.g., from low to high
imperviousness, (res)
probability of WF (receptor)
likely increases, but (sus)
maintenance of long-term
well-being might increase or
decrease depending on LC
type

When WF (stressor)
increases, probability of
improvement (res) to WQ
(receptor) increases
depending on amount of
volume, contingent on LC
type contributing
contaminants

When LC imperviousness
increases (decreases) and
WF increases (decreases),
probability of WQ
improvement likely
decreases (increases), and
(sus) maintenance of
long-term WQ well-being
likely decreases (increases)

Vul-Risk-Res

Direct relation between
(vul) sensitivity plus (risk)
harm with indirect
relation to (res)
improvement

When LC (stressor) increases,
e.g., from low to high
imperviousness, (vul)
sensitivity of WF (receptor)
increases, WF probability of
harm (risk) likely increases,
and probability of WF
improvement (res) likely
decreases

When WF (stressor)
decreases, WQ (receptor)
sensitivity (vul) increases,
and WQ probability of harm
(risk) likely increases, and
WQ probability of
improvement (res) likely
increases

When LC imperviousness
increases (decreases) or
WF decreases (increases),
probability of harm to WQ
likely increases
(decreases), and
probability of WQ
improvement likely
decreases (increases)
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Table A1. Cont.

V-R-R-S Relations
Relationship as a Basis
for Trade-Off between
V-R-R-S Concepts

Land Cover (LC) to Water
Flow (WF) Functional
Relationship

WF to Water Quality (WQ)
Functional Relationship

LC→WF→WQ
Functional Relationship

Vul-Risk-Sus

Direct relation between
(vul) sensitivity plus (risk)
harm with indirect
relation to (sus)
maintenance of long-term
well-being

When LC (stressor) increases,
e.g., from low to high
imperviousness, (vul)
sensitivity of WF (receptor)
increases, WF probability of
harm (risk) likely increases,
and probability of WF
improvement (res) likely
decreases, and (sus)
maintenance of long-term WF
well-being likely increases

When WF (stressor)
decreases, WQ (receptor)
sensitivity (vul) increases,
and WQ probability of harm
(risk) likely increases, and
WQ probability of
improvement (res) likely
increases, and maintenance
of long-term well-being of
WQ (sus) likely increases

When LC imperviousness
increases (decreases) or
WF decreases (increases),
probability of harm to WQ
likely increases
(decreases), and
probability of
improvement in WQ likely
decreases (increases), and
(sus) maintenance of
long-term WQ well-being
likely decreases (increases)

Vul-Res-Sus

Indirect relation between
(vul) sensitivity and (res)
improvement and (sus)
maintenance of long-term
well-being

When LC (stressor) increases,
e.g., from low to high
imperviousness, (vul)
sensitivity to WF (receptor)
increases, probability of WF
improvement (res) likely
decreases, but (sus)
maintenance of long-term WF
well-being might increase or
decrease depending on LC
type

When WF (stressor)
decreases, WQ (receptor)
sensitivity (vul) increases,
and WQ probability of
improvement (res) likely
increases depending on
amount of volume,
contingent on LC type
(stressor) contributing
contaminants

When LC imperviousness
increases (decreases) or
WF decreases (Increases),
probability of
improvement in WQ likely
decreases (increases), and
(sus) maintenance of
long-term WQ well-being
likely decreases (increases)

Risk-Res-Sus

Indirect relation between
(risk) harm and (res)
improvement with direct
relation between (res)
improvement and (sus)
maintenance of long-term
well-being

When LC (stressor) increases,
e.g., from low to high
imperviousness, (risk)
probability of harm to WF
(receptor) likely increases, and
(res to) improvement
decreases, and (sus)
maintenance of long-term WF
well-being might increase or
decrease depending on LC
type

When WF (stressor)
increases, WQ (receptor)
probability (of risk) harm
increases or decreases
depending on LC type, and
probability of improvement
(res) to WQ increases or
decreases depending on LC
type, and (sus) maintenance
of long-term WQ well-being
might increase or decrease
depending on LC type

When LC imperviousness
increases (decreases) and
WF increases (decreases),
WQ (receptor) probability
(of risk) harm increases
(decreases), and
probability of WQ (res)
improvement likely
decreases (increases), and
(sus) maintenance of
long-term WQ well-being
likely decreases (increases)

Vul-Risk-Res-Sus
aka VRRSability

Direct relation between
(vul) sensitivity and (risk)
harm with indirect
relation to (res)
improvement and (sus)
maintenance of long-term
well-being

When LC (stressor) increases,
e.g., from low to high
imperviousness, (vul)
sensitivity of WF (receptor)
increases, WF probability of
harm (risk) likely increases,
and probability of WF
improvement (res) likely
decreases, and (sus)
maintenance of long-term WF
well-being might increase or
decrease depending on LC
type

When WF (stressor)
decreases, WQ (receptor)
sensitivity (vul) increases,
and WQ probability of harm
(risk) likely increases, and
WQ probability of
improvement (res) likely
increases, and (sus)
maintenance of long-term
WQ well-being might
increase or decrease
depending on LC type

When LC imperviousness
increases (decreases) or
WF decreases (increases),
probability of harm to WQ
likely increases
(decreases), and
probability of
improvement in WQ likely
decreases (increases), and
(sus) maintenance of
long-term WQ well-being
likely decreases (increases)
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