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A B S T R A C T

Integrating diverse expert opinions in hazard and risk projects is essential to managing subjective
decisions and quantifying uncertainty to produce stable and trustworthy results. A structured
procedure is necessary to organize the gathering of experts' opinions while ensuring trans-
parency, accountability, and independence in judgements. We propose a novel Multiple-Expert
management Protocol (MEP) to address this challenge, providing procedural guidelines for con-
ducting single to multi-hazard risk analyses. MEP establishes a workflow to manage subjectivity
rooted in (i) moderated and staged group interactions, (ii) trackable blind advice through written
elicitations with mathematical aggregation, (iii) participatory independent review, (iv) close co-
operation between scientific and managerial coordination, and (v) proper and comprehensive
documentation. Originally developed for stress testing critical infrastructure, MEP is designed as
a single, flexible, technology-neutral procedural workflow applicable to various sectors. More-
over, its scalability allows it to adapt from high to low-budget projects and from complex proba-
bilistic multi-hazard risk assessments to standard single-hazard analyses, with different experts'
degree and type of involvement depending on available funding and emerging controversies. We
present two compelling case studies to showcase MEP's practical applicability: a multi-hazard risk
analysis for a port infrastructure and a single-hazard regional tsunami hazard assessment.
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1. Introduction
Natural hazard and consequent risk modelling are characterized by many degrees of freedom, often with non-linear dependencies

and sometimes by a relative lack of observations (e.g., for rare events). Hazard and risk quantifications should provide the probability
of exceeding different levels of intensity for one or more phenomena within a time window (exposure time) in a target area [1–5].

Natural phenomena are never perfectly understood or predictable, and past data are often insufficient to discriminate among ex-
isting modelling alternatives to quantify the consequent hazard and risk. Consequently, different and potentially diverging implemen-
tations of probabilistic analyses are possible, and alternative formulations may produce significantly different and sometimes incon-
sistent estimates [6–10]. Since the results of such analyses may be relevant for planning and policy-making, hence ultimately affect-
ing public safety, it is essential to estimate the emerging uncertainty [11–14].

The uncertainty related to different opinions, interpretations and/or different implementations may be quantified and communi-
cated in the form of a probability distribution, describing “the center, the body, and the range of technical interpretations that the larger in-
formed technical community would have if they were to conduct the study” [12,15]. This distribution is referred to in the literature with
different expressions, like the technical community distribution [16] or the extended experts’ distribution [13]. The uncertainty that
this distribution quantifies is often referred to as “epistemic uncertainty” or “inter-model variability” [5,9–13,15,17,18]. From now
on, we will univocally refer to this distribution as epistemic uncertainty or community distribution.

The quantification of this community distribution is still rather inhomogeneous across natural hazards [11]. In seismic hazard,
epistemic uncertainty is usually quantified by implementing multiple scientifically acceptable (not rejected by data) methods, includ-
ing both alternative parametrizations of individual models and the adoption of alternative models [13,19,20]. This is in common with
many other fields, like for example for weather forecasts, flood hazards or climate models [21–27]: all such methods foreseen the de-
velopment of ensembles of alternative acceptable models, which are then aggregated. Aggregation methods largely differ in the dif-
ferent fields. For example, in seismic hazard models, alternatives are aggregated through a so-called logic tree [28], a method that has
been widely debated and is still an object of active research [7,16,19,29]. In other fields, like volcanology, Bayesian approaches are
often preferred [18,30–33].

The involvement of multiple experts becomes increasingly important as the relevance and the regulatory concerns of a project
grow (e.g., Ref. [12,15,25,34,35]). Engaging multiple experts enables better constraining of community distribution. This allows the
technical community to consider all existing alternative views better, thus better matching the effective variability. It also helps facili-
tate the management of subjective choices that lead to uncertainty and minimising possible a posteriori criticism if a forecast model
fails [12,36–40]. To this end, there is an increased need to organize group interaction, define roles and responsibilities, and build
clear and transparent documentation of the interaction process [12,15].

Several protocols have then been defined in the past to manage disagreements and consensus in setting up hazard and risk models,
defining interaction within a multiple-expert environment to build community distributions. In the field of natural hazards, and in
particular in seismic hazards, which represents one of the oldest and most advanced fields for natural hazards [3,41], the most ap-
plied and referenced protocol to manage multi-expert interaction is the one developed by the Senior Seismic Hazard Analysis Com-
mission (SSHAC) in 1997 [12], with its subsequent specifications and integrations [15,17,42], hereinafter referred to as SSHAC guide-
lines. While defining their guidelines, SSHAC analysed several previous seismic hazard analyses, concluding that differences in the re-
sults are often due to procedural rather than technical differences, highlighting the need of establishing appropriate procedures to de-
fine the community distribution through the interaction of multiple experts. SSHAC guidelines proposed four distinct levels for con-
ducting seismic hazard analyses, ranging from a single expert summarizing the literature variability (Level 1), to multiple groups or-
ganizing discussions among different groups of experts, to provide alternative integration processes for hazard results (Level 4).
SSHAC guidelines have the paramount merit of having introduced standardized procedures for Probabilistic Seismic Hazard Analysis
- PSHA, remaining the primary reference in this topic for over two decades.

In the meantime, quite different approaches have been developed to deal with similar problems in other domains. For example, in
the context of volcanic hazard assessment, the input of multiple experts to hazard models is usually dealt with structured elicitations
of small groups of experts [37,43–49], with typical panels of 10–20 experts [38,43,50,51]. Elicitation results are then used to initial-
ize one specific (usually Bayesian) hazard model [18,30–33]. This approach is radically different from what is foreseen in SSHAC.
First, in such methods, alternatives remain hidden within expert opinions and are not made explicit. Second, in classical elicitations,
the experts act independently [36,40,48,52,53], assuming that the required knowledge already exists within individual experts. On
the contrary, SSHAC foresees a structured interaction of multiple actors that concur with the definition of “integrated” models. The
development of such integrated models is based on a multi-staged interaction among the experts with strong non-formalized group in-
teractions and face-to-face meetings between twhe experts to integrate their opinions through the project [17]. This approach, which
is typical also of other methods like, for example, the Delphi method [38,54], is instead criticized by the practitioners of classical elici-
tations for the potential biases that such interaction may introduce, e.g., due to the undesirable effects of personalities and reputations
that may unavoidably bias the group quantification (e.g., Ref. [43,44,55–58]).

A homogenous management of epistemic uncertainty in a multiple-expert environment would be a fundamental step toward an ef-
fective multi-hazard risk, as required by modern holistic risk reduction programs (e.g., Ref. [121]). However, achieving the effective
applicability of existing protocols beyond their primary scope poses significant technical and methodological challenges. Ensuring
scalability, methodological flexibility, and technological neutrality are essential considerations when adapting these methods to dif-
ferent fields. These challenges are particularly evident in situations requiring interaction between different communities, such as in
multi-hazard risk analyses for stress testing critical infrastructure systems [59–62].
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Existing protocols are typically not scalable. They pre-select the level of complexity and the number of potential participants based
on the available resources and the regulatory concern [42], adopting field-specific choices. For nuclear facilities, seismic hazard is
usually estimated through large-scale projects based on the SSHAC protocol, with tens to hundreds of participants [16,17,42,63,64]
and with a process of feedback, interaction, and learning among the experts [15]. Instead, classical structured expert elicitations typi-
cally involve a few tens of participants who act independently and meet only to execute the elicitation (see Ref. [43,48,51]). In either
case, the scale of the project is usually defined in advance. This is quite standard when a scientific project has to be proposed. Still, in
other situations, such as implementing stress tests for critical infrastructures, a more flexible approach may be preferable, allowing
for dynamic scalability that reflects the needs emerging during the project's development [60].

Existing protocols for multiple-expert interaction are also defined in a single-hazard environment, with field-specific methods and
limited methodological flexibility and neutrality. For example, developing numerous alternative models, prescribed by SSHAC proto-
cols to quantify epistemic uncertainty, is possible within the seismological community but may not be feasible in other fields that lack
a sufficient number of alternative models. For instance, probabilistic tsunami hazard assessment is a relatively less-established
methodology [4,65]. Few or no models exist for dealing with problems like fragility for multiple hazards (e.g., Ref. [66,67]) or for
pre-damaged structures (e.g., Ref. [68]), or restoration for assessing infrastructure resilience (e.g., Ref. [69]). In addition, in fields like
multi-hazard risk and resilience assessment (e.g., Ref. [67,70–78,122]) or systemic risk and resilience analyses (e.g., Ref. [79–81,
123]), the selection of the sources, hazards and/or system's components and interactions, pose critical challenges typically not en-
countered in single hazard analyses. While an explicit formulation of alternatives should be favoured to increase transparency and
readability of the results, procedural decision-making steps to deal with defining priorities and managing the absence of relevant
models are still required in multi-hazard risk models to deal with complex, real-world scenarios effectively.

Similarly, existing protocols often lack technological neutrality, as they not only define the multi-expert interaction but also pre-
scribe the scientific tools to be used (e.g., Ref. [13,15,30,31,45,48,49,51,55,82,120]). For example, the epistemic uncertainty quan-
tification in SSHAC guidelines for seismic hazard relies on logic trees, while other fields adopt different strategies. Most of the elicita-
tion protocols predefine a specific elicitation technique. This is again linked to the fact that most protocols have been developed in a
single-hazard environment. Instead, more neutrality may be achieved by defining the required steps toward the hazard/risk defini-
tion, as in existing multi-hazard protocols [34,70,72,74,78], which however typically do not detail the management of epistemic un-
certainty within a multiple expert environment.

Existing protocols in the setup of hazard/risk assessments are also not stringent in the management of subjective decisions during
the development of the analysis, leaving this part entirely under the responsibility of the project coordination. However, this may be
critical in projects with relevant societal implications and regulatory concerns. In hazard and risk assessments, a number of subjective
choices are always made. The consequences of such choices are often, if not always, not quantified. The effect of not-considered
sources and/or interactions may sometimes be unpredictable [67,74–76,83,84]. Therefore, a transparent decision-making process
should be introduced. There is a vast literature on methods for decision-making in multiple-expert environments, ranging from classi-
cal elicitation methods to Multi-Criteria Decision Analysis - MCDA [61,62,85,86]. These methodologies assign weights to criteria and
assess diverse options, thereby enabling comparisons across multiple criteria and helping quantify uncertainty's impact on rankings
and decisions. These approaches provide the means to scrutinize alternative scenarios and solutions, facilitating an understanding of
the impact of different choices and exploring the implications of different choices to assess stakeholder preferences and priorities bet-
ter. Thus, such methods allow for transparent decision-making processes based on evaluating alternatives considering multiple crite-
ria. They may also provide fundamental hints for the decisions that are ultimately necessary at the stage of setting up hazard and risk
analyses, increasing the transparency and readability of such assessments.

This paper introduces a Multiple-Expert management Protocol (MEP), which defines a transparent workflow of tasks that allows
for generalizations and significant flexibility. MEP incorporates and merges many of the key elements of existing protocols, generat-
ing an innovative checks-and-balances interaction between project coordination and panels of experts and reviewers to manage the
process toward consensus, aiming to achieve the comprehensiveness and accuracy required in hazard/risk analyses to support deci-
sion-making for increased safety and reliability of complex technological systems. MEP was developed in synergy with the develop-
ment of the STREST stress test framework [60] and the NEAM Tsunami Hazard Model 2018 - NEAMTHM18 [87]. While MEP was pri-
marily developed within the geophysical community, it can be readily extended to other natural hazards and domains.

2. Multiple-expert management protocol (MEP): goals and key features
MEP is targeted to guide the development of scientific projects aimed at producing single-to-multi-hazard and risk assessments, es-

pecially when their results may imply potential regulatory concerns, for which the consistent evaluation of existing uncertainty in a
multi-expert environment is particularly relevant. The main goal of MEP is the production of robust results that fairly account for al-
ternative hypotheses in the community, collected through a traceable and transparent process that treats the different levels/steps of
the assessment homogeneously. MEP pursues the integration of different expert opinions based on the following.
• a clear definition of the roles and responsibilities of the different experts;
• a staged development and revision workflow of tasks toward procedural consensus of the multiple experts participating in the

project, organized in three phases (pre-assessment, assessment, finalization) with specific participatory review and technical
documentation; to pursue technical neutrality, all stages define specific goals and milestones, without defining specific
techniques to obtain them;
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• a revisable and homogeneous decision-making process for managing all critical choices and for the quantification of the
epistemic uncertainty, based on trackable advice from a restricted group of experts that acts independently from project
management, collected through decision-making methods like written classical elicitations and MCDA in the different phases;

• a dynamic management of project scope and complexity, allowing scalability (complexity should be scaled with the scopes) and
flexibility (emerging complexities may be dealt with by changing the scope or scaling up the project);

• a solid quantification of the community distribution that represents the potential range of the results based on scientifically
acceptable opinions.
These key features are discussed in more detail in the following paragraphs. To avoid unnecessary confusion, we adopt, when pos-

sible, naming and terminology used in existing guidelines, mainly from SSHAC guidelines and classical elicitation literature.

2.1. Definition of roles and responsibilities
MEP defines five main actors/groups with different and pre-defined roles, revising and integrating the group definitions foreseen

in SSHAC guidelines. The Project Manager (PM) is responsible for managing the project in the name of the project's funder. The PM
defines all the questions the project should answer, defining timing and funding based on existing tasks and potential consequences.
The Technical Integrator (TI) leads the scientific process for answering the project's questions. The PM and TI collectively manage
the project, representing the funder and scientific components. The TI coordinates an Implementation Team (IT) to implement the
planned evaluations. PM, TI, and IT form the core of the project, with the PM having a managerial role while TI and IT have a more
scientific role. Unless alternative agreements are found, TI and IT collectively hold its intellectual property. Two other groups support
the project's activity with feedback that is out of the direct control of PM and TI. A Pool of Experts (PoE) participates in formal writ-
ten expert elicitations to provide the TI with independent judgements or quantifications over specific subjective choices. An internal
Participatory Peer Review Panel (iPPRP) reviews the whole process to maximise the results' reliability and increase their robust-
ness. This review process takes place throughout the development process. The main interactions among the core actors are illus-
trated in Fig. 1.

The PM is responsible and accountable for the successful development and execution of the project. The main stakeholder (infra-
structure owner or funding agency) generally appoints the PM. Hence, it is the PM's responsibility to make rational and fair decisions
for stakeholders, authorities, and the public. Specifically, the PM (i) selects the target level of detail and complexity of the analysis,
(ii) oversees, along with the TI, the participant selection budget and guides the project's sophistication to balance the required fund-
ing and the requested level of details in results; (iii) is the sponsor of the elicitation experiments, without playing any formal role in
such experiments. The PM is equivalent to SSHAC's “project leader”, but in MEP, we prefer to change this name to reflect the fact that
the effective leadership of the project is shared (with different roles) with the TI.

The TI is an individual responsible and accountable for the scientific management of the project. To achieve this effectively, the TI
captures the views of the informed technical community to be implemented in the hazard and risk calculations in the form of track-
able opinions and community distributions. More specifically, the TI, within the budgetary constraints set by the PM, (i) carefully se-
lects experts for various roles, guaranteeing a balancing mix of competences, and proposes to the PM potential integrations when re-
quired; (ii) moderates meetings of experts and defines elicitation methods, while by coordinating elicitation experiments successfully
extract opinions from the PoE; (iii) oversees the hazard and risk calculations, defining the techniques to manage the quantification of
the community distributions and uncertainty propagation; (iv) coordinates the methodological review process based on feedback
from the iPPRP. Notably, as per SSHAC guidelines, the TI coordinates the process of evaluating and integrating alternative datasets
and models. However, in MEP, the TI's role is not that of an evaluator or integrator; instead, the TI acts as a moderator during the eval-
uation/integration process based on the formal elicitations of the PoE. To excel in this multifaceted role, the TI may consider forming
a small support team with diverse expertise to cover all necessary skills adequately.

The Implementation Team (IT) is a group of analysts who actually implement, under the coordination of the TI, the hazard and
risk assessments and all other complementary activities (e.g., sensitivity analyses and pre- and post-processing of results). The IT does
not participate in managing the project or expert elicitations, which is entirely managed by the TI (or the TI team). Consequently, as

Fig. 1. Primary interactions among the main groups of MEP. To guarantee fairness, intellectual independence among Project Manager (PM), Technical Integrator (TI),
and internal Participatory Peer Review Panel (iPPRP) must be guaranteed. In addition, project management (TI and PM) members cannot participate in the Pool of Ex-
perts (PoE).
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further discussed below, individuals from the IT may participate in elicitations, creating an overlap between the two groups. The IT
team is selected jointly by the TI and the PM. If the stakeholders have a scientific team in their personnel, such experts may join the IT.
In this sense, the IT may also help improve the interaction with stakeholders, for example, help to define a common language and fa-
cilitate the reciprocal comprehension, interpretation and communication of the results to the stakeholders. Notably, the IT should in-
clude both resource and proponents experts, as defined in SSHAC guidelines.

The Pool of Experts (PoE) is intended to represent the larger technical community, with members from the project and the external
community. Its main goal is to provide blind input to the TI with respect to critical subjective choices. This group is not present in
SSHAC guidelines. In MEP, the PoE is instead central in the process of evaluation and integration of alternative models, for which
MEP does not charge any individual but relies on a group response of the PoE. To manage potential sources of cognitive biases - in-
cluding (but not limited to) the impact of “over-opinioned” experts or experts with strong personalities or with scientific or political
power - the PoE opinions should be collected through structured and blind elicitations, with written questionnaires collected anony-
mously, with mathematical aggregation. The procedure may include the definition of weights for the different experts [43] and the
adoption of multiple criteria for evaluating alternative decisions [85]. To favour the integration of experts' knowledge during the pro-
ject, more than a mere aggregation of opinions pre-existing to the project [17], MEP allows for the inclusion of some experts from the
IT in the PoE. This allows for including in the elicitations experts that fully participated in the project's development and actively par-
ticipated in implementing methods. To preserve the independence of roles, the PoE cannot include TI, PM or review panel members
(iPPRP). Since this interaction among experts may also generate “fake” consensus due to a levelling or averaging of opinions during
discussions [43,56,88], MEP still requires a substantial presence of completely external experts (not included in any other groups;
e.g., > 50 %), allowing to verify the consistency of results and bringing new expertise and potentially different views.

This pool's size and selection process are discussed in various papers [36,40,48,52,53] and references therein). Typically, PoE has
7 to 15 members (e.g., Ref. [43]); however, larger panels may be appropriate for some projects [89]. In the case of complex assess-
ments, sub-pools on specific topics may be foreseen. Experts may have site-specific (e.g., hazards in the area) and/or target-specific
(e.g., a critical infrastructure) knowledge or expertise on a hazard/risk methodology and/or on the typology of infrastructure (e.g.,
nuclear or non-nuclear such as transport, energy or communication networks). In the elicitation, the experts of the PoE must act inde-
pendently, unless interaction is requested and moderated by the TI.

The iPPRP comprises one expert or a group of experts who independently peer-review the project developments. This group corre-
sponds to the review panel of SSHAC, sharing equivalent goals and responsibilities. The terms “internal” and “Participatory” are
specifically used to emphasize that the iPPRP's involvement occurs throughout the project, and no post-project reviews can serve as a
substitute. The iPPRP engages in a participatory review process, providing written reviews at predetermined stages during project im-
plementation. These reviews encompass technical aspects, such as evaluating selected models and covering interdependencies and
procedural aspects, like assessing actor's independence, expertise coverage, transparency, and consistency with MEP. The iPPRP must
possess knowledge about all relevant issues, and if necessary, topical meetings may be organized with IT members. The requested ex-
pertise may be reached collectively; thus, the iPPRP size may vary depending on the project's complexity. It is important to note that
MEP follows a review process akin to scientific papers, wherein a member of the iPPRP acts as a coordinator (editor), while other
members of the iPPRP conduct their assessments independently, at least in an initial phase. To maintain objectivity, the iPPRP mem-
bers cannot have affiliations or shared membership with any other group.

2.2. Project's workflow toward consensus
The procedural consensus among the key actors guarantees the fairness of the results in MEP. Procedural consensus does not imply

an effective consensus of divergent opinions but rather a fair representation of existing divergences within the overall procedure. This
consensus is reached with an explicit agreement among the PM, TI and iPPRP on the final documentation, each holding specific re-
sponsibilities as outlined above. Consensus should be reached on both procedural and technical aspects. Procedural aspects address
the completeness of the documentation, the conformance to guidelines and rules, and the overall fairness of the process. Technical as-
pects address the scientific method and its implementation, drawing from PoE inputs, iPPRP reviews, and PM/TI consequent choices
that also account for temporal and budgetary constraints and any specific requests from stakeholders. Note that the results cannot be
the object of the agreement since they can actually be checked only by the TI and the IT.

MEP aims at favouring the process toward consensus with a workflow of actions organized in two rounds of assessment and re-
view, both including the contribution of all actors, and followed by a final phase of outreach (Fig. 2). To favour this procedural con-
vergence, all the necessary subjective decisions should be taken adopting solid decision-making methods, and their ground is re-
viewed during the project. To guarantee transparency and enable future scrutiny, all choices, data, models and methods must also be
documented throughout all phases, with a structured documentation plan that should become available to all actors at the end of each
phase. Potentially sensitive information may be blurred or hidden for security reasons. Still, this action should be explicitly motivated
and should not hinder the ex-post scrutiny of the overall process of hazard and risk quantification process. In the end, all documents
and reports are collected in a container that grants the reproducibility of the results and a long-term curation and maintenance.

Critical subjective choices include, at least, the selection and the evaluation of available data and models; the quantification of
their credibility weights; the selection of the hazards or hazard source areas; the definition of model components, such as discretiza-
tion or approximations; the selection of hazard interactions modes for multi-hazard risk assessments; the selection of infrastructure
assets and inter-dependencies for systemic risk; the definition of performance indicators; the management of theoretical gaps, includ-
ing missing models; the design of sensitivity analyses or sanity checks.

In the decision-making phase, MEP aims at balancing the opposite requirements of large interacting communities, as in SSHAC
guidelines, and of small groups of independent experts, as in classical elicitation procedures, by initializing all decisions with formal
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Fig. 2. MEP's project workflow (modified from Ref. [87]).

methods like classical elicitation and/or multi-criteria analysis methods with a limited group, the PoE. This should be based on writ-
ten questionnaires to ensure reproducibility. Then, the project management (PM and TI) proposes solutions based on such input, po-
tentially fostering new discussions and/or needing new expertise. Finally, decisions are made explicitly, discussed and reviewed by an
unimpeded and independent review panel to make the decision-making process solid, that is, trackable, independently reviewed, and
open to ex-post scrutiny after the end of the project.

Notably, this process has the goal of explicating all decisions. This means that the PoE formal feedback does not necessarily trans-
late into actions but rather leads to a dynamic re-evaluation of the project scopes and means, eventually simplifying the process or re-
defining the final objectives. The TI and PM may also consider process sophistications or additions, if possible. For example, potential
controversies may suggest topical meetings among experts; new significant topics may emerge, suggesting the extension of expertise
within the PoE and the IT or the planning of further analyses (e.g., sensitivity tests). Multiple elicitations of the updated PoE may be
foreseen, but this keeps the project manageable as the PoE is a relatively small group. In any case, such possible iterations should oc-
cur within each of the defined stages until PM, and TI judge the overall assessment procedure sufficiently strong to be sent to the iP-
PRP for the internal review.

2.3. Comparison between MEP and existing protocols
MEP incorporates several elements of the existing protocols, producing an innovative combination of requirements and tackling

some fundamental additional key issues. In particular, from SSHAC guidelines, MEP takes the definition of the main roles and the ex-
istence of a participatory review, adding the Pool of Experts and revising the specific assignments of all the other groups. As in typical
multi-hazard risk protocols, MEP defines a list of goals and targets of the analysis, assigning specific targets to each defined role. How-
ever, MEP includes such tasks in the multiple-expert environment, which aligns with the SSHAC protocol. In addition, specific atten-
tion is given in MEP to managing subjective decisions during the assessment, which must be based on solid, revisable and explicit de-
cision-making methods. Thus, MEP incorporates the methods typical of decision-making, like classical elicitations or MAPE. In addi-
tion, in line with protocols like SSHAC, MEP requires a transparent, participatory review and an extended documentation process to
further open all the elements of hazard and risk models for future scrutiny. Still, unlike SSHAC, this also includes all the decision-
making points made explicit through the elicitations.

SSHAC guidelines identify four different study levels, primarily considering the different levels of complexity of the study. In very
short, SSHAC level 1, the simplest in the scale, considers a TI that reviews the literature, formulates the implementation plan, evalu-
ates the results, and passes it through a peer-review process; SSHAC level 2 adds the interaction with representatives from the larger
technical community, the potential organization of topical meetings, and potential interaction with reviewers at earlier stages; in
SSHAC level 3, the TI formally organizes workshops to discuss data and model alternatives, while the review is participatory; in
SSHAC level 4, alternative TI teams are considered, and a technical facilitator is in charge of producing the final community distribu-
tion. In this framework, MEP ranges between SSHAC levels 2 and 3. Indeed, in MEP, experts from the informed technical community
participate mainly through formalized feedback (expert elicitations) during the whole process, without active interactions among
them (SSHAC's workshops). This configures MEP at SSHAC level 2. However, single experts of the pool may also act as proponents
and advocate a particular hypothesis or technical position (regarding both resources and methods) at intermediate stages of the
process (during Phases 1 and 2) through individual communications with the TI. In addition, MEP considers participatory review
throughout the course of the project. Both these things are elements of SSHAC level 3. Moreover, if significant contrasts in experts'
opinions emerge during the elicitations, formal and transparent interaction among the experts can be planned, transforming the pool
into a panel and further pushing MEP toward SSHAC level 3.
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A substantial difference exists between MEP and SSHAC processes regarding the integration of alternative models to quantify the
community distribution. MEP uses conventional expert elicitation tools (for a discussion on the similarities and differences between
SSHAC elicitations and classical expert elicitations [17]). In particular, MEP uses such elicitations to establish a formal decision-
making process for managing all subjective matters, including the management of model evaluation and integration. In MEP, no indi-
viduals are expected to act as evaluators/integrators of the different models. Still, there is a process of integration initiated by elicita-
tions and finalized by the project coordination with the assistance of a review panel. The technical integrator acts as a moderator of
the integration process, not as an integrator/evaluator. This allows for making feedback traceable down to a single expert and avoid-
ing the need for very large projects. This also allows for avoiding a complete dependence on the supposed (hard-to-reach) objective-
ness or independence of evaluators/integrators from resource/proponent experts and dealing with the potential problems related to
group interaction [36,40,43,57]. Consequently, MEP and SSHAC differ significantly in the process of integrating experts’ opinions
and reaching consensus. While SSHAC is mainly based on meetings among all the experts, MEP is based on the combination of written
elicitations (whose members act independently and interact only if significant and irreconcilable divergences emerge) and reviews.
This means that MEP potentially generates fewer meetings/travels, making it eco-friendly and easier to manage.

MEP differs significantly also from standard elicitation protocols in which experts are mainly asked to act independently. In MEP,
all experts are involved in the project activity, favouring an integration of different opinions. In this sense, the experts become experts
of the specific topic during the projects, as discussed in the SSHAC protocol [17]. Formal elicitations are used to initialize a decision-
making process that involves different actors (project coordination and reviewers). This process is meant to guarantee integration
throughout the project of expertise but also to fully document the reasoning behind subjective choices. This allows future scrutiny of
such matters to build a factual path for improving hazard/risk quantifications in the subsequent generations based on documented
controversies, drawbacks and criticisms.

3. MEP: detailed project workflow
MEP foresees that the project workflow is articulated in 3 phases. Each phase consists of several sequential stages with specific

tasks that are logically or sequentially ordered. In Fig. 3, we report the graphical representation of the different phases and stages, the
involvement of the main actors and their phase-wise interactions. The main actions in each phase are described in more detail in the
next sections.

3.1. PHASE 1: pre-assessment
PHASE 1 is devoted to defining a preliminary implementation plan that enables the target assessment. PHASE 1 starts with select-

ing the core actors and elaborating a reliable plan for the results. It includes a first elicitation experiment and ends with the first for-
mal review. PHASE 1 is divided into 5 stages, each producing specific documentation. All the actions required at each stage, their
temporal sequence and the required documentation are reported in Table 1.

3.1.1. PHASE 1 - STAGE 1: project definition & kick-off
The pre-assessment phase starts with the project's organisational part (timing and total maximum budget) and the selection of all

the main actors. This phase ends with the organization of a kick-off meeting involving PM-TI-IT.

Fig. 3. Graphical representation of MEP, showing the different phases and the interactions between the main actors in each phase.
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Table 1
Description of actors, actions and required documentation in the stages of PHASE 1.

ACTIVITY ACTORS ACTIONS DOCUMENTATION

PHASE 1 - STAGE 1:
Project definition &
kick-off

PM, TI Selection of the core actors (PM, TI, and IT) and of the main characteristics of the analysis,
including budget and timing.

Report: Project summary

PHASE 1 - STAGE 2:
PoE and iPPRP
kick-off

PM, TI,
PoE

Selection of the iPPRP and of the PoE. The TI organizes the PoE kick-off meeting. If weights to
experts are foreseen, they are assigned at this stage.

Report: Kickoff agenda

PHASE 1 – STAGE 3:
First elicitation
experiment

TI + IT,
PoE

PoE elicitation for prioritization, to define the framework of the analysis (e.g., selected hazards,
sources, components, interaction) and to manage existing alternatives. TI and IT review the
literature, prepare the elicitations, and elaborate PoE answers. Elicitation results may trigger
topical meetings and/or subsequent analyses, if required.

Report: Results of the
first elicitation round

PHASE 1 - STAGE 4:
Plan finalization

PM,
TI + IT

The TI defines an implementation plan, agreed with the PM. The existence of methodological
gaps potentially impacting the results is also checked, in order to avoid an unwanted under-
exploration of potential paths to risk.

Report: Preliminary
implementation plan

PHASE 1 - STAGE 5:
Review &
Finalization

IR, TI,
PM

The iPPRP review PHASE 1 documents, triggering a peer-review process to converge toward an
agreed implementation plan.

Report: First review

More specifically, stakeholders select a PM. The PM selects the TI, and jointly, the PM and TI select the starting nucleus of the IT.
The PM (with the technical assistance of TI and IT) selects the target level of deepening of the assessment (e.g., regional vs site-
specific analysis, literature vs ad hoc models) and specifies its regulatory requirements (e.g., exposure time window, limits in the
mean return periods) and its target (e.g., list of intensity measures for different hazards, list of risk metrics, such as injuries/deaths,
economic losses, pollution), as well as any other definition that completely define the target analysis (e.g., levels of acceptable risk,
target performance, see Ref. [60]). This also includes the rules to be followed regarding intellectual properties, disclosure of the docu-
mentation, and dissemination. In other words, the PM selects all the questions the project has to answer. All these definitions must be
tuned in collaboration with the stakeholders to agree on the project's budget and time limits, and should be agreed upon with the TI.
In the case of projects in competitive calls, all these selections are implicit in the development of the proposal, and the funding agen-
cies accept them as the project is funded.

At this stage, an approximate size of participants for the different multi-expert groups (IT, PoE, and iPPRP) is defined. MEP is fully
scalable from large to small groups, with a minimum of 5–10 experts in the PoE and a few individuals in both iPPRP and IT. The ac-
tual size of groups should reflect the need to cover the expertise range, but may also be tuned to favour the general community's ac-
ceptance of results. This strategic decision should be agreed upon between PM and TI, based on the needs of stakeholders, also ac-
counting for the fact that it might become necessary to update some of the groups. This may happen at the beginning of phase 2 (Sec-
tion 3.2) and may be particularly important when innovative analyses with little background are foreseen.

Documentation includes a summary of all the choices discussed and finalized in a kick-off meeting organized by the PM and in-
volving TI, IT and representatives of stakeholders.

3.1.2. PHASE 1 - STAGE 2: PoE and iPPRP kick-off
Once the project framework is defined, the TI selects PoE and iPRRP. A kick-off meeting for both is organized, in which all fact-

sheets of PHASE 1 are shared and discussed. The kickoff may include training sections, and if a weighting scheme is foreseen for the
experts of the PoE, it may be initialized through seed questionnaires at this point. This enables to perform the subsequent elicitations
also remotely. Documentation includes programs, presentations, and seed questionnaires.

3.1.3. PHASE 1 – STAGE 3: first elicitation round
The first round of elicitation is focused on strengthening the definition of the general framework of the assessment. This may in-

volve multiple tasks, depending on the application. To this end, two major milestones are (i) the definition of the main requirements
of hazard/risk modelling, and (ii) the enumeration of the available alternative models.

Defining the main requirements of hazard/risk modelling is not always straightforward. For example, it may include the selection
of the hazards to be considered, the selection of the sources, or the main interactions to be considered. This is critical in all multi-
hazard or systemic risk quantifications, but it may also be important in a single hazard, such as tsunamis that may have multiple
sources [4]. The TI and the IT should extensively review the scientific and technical literature about existing guidelines and previous
experiences, and organize an ad hoc prioritization elicitation whenever a sufficient ground for decisions does not exist.

Once requirements are set up, the TI and the IT review the literature for available data, methods and models. The review should
include potential databases of interest, system analysis requirements, and available methods at regional, sub-regional/national, and
local levels. In this, individual interactions with PoE members or other experts may play a fundamental role, in which all experts may
act as resource and proponent experts (as defined in SSHAC guidelines). After this review, the TI can set up a preliminary list of ap-
proaches to be potentially adopted, and existing alternatives should be screened. Indeed, excluding models can drastically modify the
community distribution, and, at the same time, including all the available models is useless and sometimes dangerous [19]. Hence,
considering the cost of implementing all alternatives, organizing an elicitation to prioritize actions is fundamental.

The elicitation experiments may be in person or remote, and different techniques may be adopted or specifically developed. Many
prioritization techniques based on expert elicitation exist, like the PC (Pairwise Comparison, e.g., Ref. [90]), the AHP (Analytic Hier-
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archy Process, [108]), BBN (Bayesian Belief Networks, e.g., Ref. [91]), other MCDA (Multi-Criteria Decision Analysis) [61,62,85,86],
or many other methods. As in all elicitations, the PoE should be supported by significant supporting material, including the descrip-
tion of methods, alternative models and/or potential sensitivity tests. If specific inconsistencies emerge from the elicitation, the TI
may decide to convene the PoE (or parts of it) to openly discuss such issues and eventually define new sensitivity tests to be per-
formed, allowing for final decisions.

Documentation for this stage includes preparatory material, questionnaires, and analysis of the first round of elicitation results.

3.1.4. PHASE 1 - STAGE 4: plan finalization
Based on the results of the elicitation and the literature review, the TI defines a concrete implementation plan agreed upon with

the PM. The implementation plan should discuss the method planned for aggregating the selected alternatives and the data that will
be used for testing the results.

The existence of methodological gaps potentially impacting the results is also checked at this point to avoid an unwanted under-
exploration of potential paths to risk [83]. Such gaps may be managed by planning further elicitations (for PHASE 2) or supplemen-
tary analyses (for example, specific scenarios as in Ref. [60]) and/or sensitivity tests to verify the practicability of simplified model-
ling approaches (for example, defining simplified end-members to explore their impact on results).

Documentation includes a detailed implementation plan, a description of databases, models and implementations, and a summary
of the whole decision process, indicating limitations due to project constraints.

3.1.5. PHASE 1 - STAGE 5: review
This stage concludes PHASE 1 with the iPPRP review. The iPPRP reviews the detailed document produced in PHASE 1 – STAGE 4

as well as all the other documents produced in PHASE 1 (Table 1). iPPRP should pay attention to both the scientific plan and the deci-
sion process applied by the TI and PM, evaluating i) the consistency of the TI choices with the PoE feedback and PM requirements, ii)
the completeness of the collection of data and methods, and iii) the effectiveness of the defined overall method. The iPPRP members
should put themselves in the role of TI and PM and evaluate how the actual PM and TI managed the decision-making process and how
the final results reflect the project's general goals.

This early-stage formal review plays a pivotal role within the iPPRP task, as its outcomes can significantly impact the project at its
initial phase. The TI can facilitate the review process by preparing specific questionnaires highlighting crucial points for evaluation.
To favour the convergence, the review process may incorporate written and iterative interactions between the TI and iPPRP, similar
to standard peer-review processes, coordinated by an iPPRP coordinator nominated by the panel. In cases where the TI and PM cannot
fully implement iPPRP suggestions based on scientific, technical or managerial (funding/timing) grounds, they may reshape the pro-
ject's goals by, for example, diminishing the target level, explicitly agreeing upon such changes with the IPPRP, and/or explicitly ex-
posing existing criticisms.

In a first phase, each iPPRP member must perform the review independently, possibly in an anonymous form. Subsequent panel
discussions are possible. Then, an iPPRP coordinator manages the review process by interacting with the TI. Documentation includes
the review of each member of the iPPRP and the potential interactions with TI.

3.2. Project's PHASE 2: assessment
The purpose of PHASE 2 is to produce the preliminary results. PHASE 2 starts with defining the implementation plan based on the

iPPRP review, includes a second elicitation, and ends with a second review. PHASE 2 is logically organized in 5 stages, as defined in
Table 2.

3.2.1. PHASE 2 - STAGE 1: implementation plan & group revision
At the beginning of PHASE 2, TI and PM finalized and documented the final implementation plan, which emerged from the iPPRP

review. If this implies new analyses that require expertise not sufficiently covered by existing PoE or IT, the TI and the PM may have
to discuss potential updates of these groups and organize individual meetings with the newly engaged project members.

Table 2
Description of actors, actions and documents in the stages of PHASE 2.

ACTIVITY ACTORS ACTIONS DOCUMENTATION

PHASE 2 – STAGE 1: Finalization of
the implementation plan

PM, TI,
IT

The TI and the PM agrees over the methodology to be implemented. If needed, TI
and PM update the groups of experts and the objectives of the project.

Report: Implementation
plan

PHASE 2 – STAGE 2: Single model
implementation

TI, IT,
PoE

TI and the IT update the project's databases and implement all models and tests,
also through individual interactions with PoE members. Codes and databases are
properly documented.

Repository: Data and
codes

PHASE 2 – STAGE 3: Second
elicitation round

TI, PoE The TI organizes the second elicitation to quantify the weights of alternatives, to
manage missing models, etc.

Report: Second
elicitation round

PHASE 2 – STAGE 4: preliminary
results

PM, TI,
IT

The implementation of the analysis produces the preliminary results. Report: Preliminary
results

PHASE 2 – STAGE 5: Review &
finalization

IR, TI The iPPRP review PHASE 2 documents, triggering a peer-review process to
converge toward final results.

Report: Second review
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The final report on the implementation plan should explicitly discuss the updates from PHASE 1 based on the interaction with the
iPPRP. This document and the review document should be immediately submitted to the iPPRP to enable an agreed-upon finalization
of the review process of PHASE 1.

3.2.2. PHASE 2 - STAGE 2: individual models implementation
In Stage 2, the TI and IT collaborate to update the project's databases and implement all required models and tests. In this stage, in-

dividual interactions with members of the PoE or with other experts are essential, particularly when specific members are considered
reference experts for certain methods or data. During implementation, the TI also finalizes a list of consistency and/or sanity checks to
be implemented.

Computationally extensive tasks, like, for example, building a tsunami unit sources database (see Section 4.2) [92], might have
started earlier, especially if they influence decisions made in the previous stage (PHASE 2 – Stage 1). However, their effective use is
defined at this point.

A thorough technical implementation documentation is required to ensure reproducibility and transparency. Results should be
linked to published datasets and models, and any new databases, data processing tools, or simulation codes must be fully docu-
mented. This documentation should be consolidated into one document, providing detailed workflows, data, and codes whenever
possible, to enable reproducibility.

3.2.3. PHASE 2 - STAGE 3: second elicitation round
Stage 3 may run in parallel with Stage 2, providing input to models through a second elicitation. This includes quantifying the

weights of alternatives to integrate them to produce the community distribution; this may also include other elicitations to fill exist-
ing gaps, provide missing input, or define the details for additional analyses (e.g., test scenarios).

The quantification of the weights of alternative models is an essential part of integrating alternatives, probably representing the
most subjective part of the quantification of the community distribution. To avoid complete control of the TI over such weights, MEP
foresees that at least a factor of such weights should be based on the elicitation of the PoE, which represents the larger technical com-
munity [87,93]. These weights may be eventually combined with other weights, like the ones based on statistical testing [94,95]. The
PoE should be supported by an exhaustive description of the selected methodologies and the implemented tests, as well as the results
of consistency and/or sanity checks (e.g., Ref. [19,96,115]). In practice, the quantification of weights may be based on prioritization
techniques (as in Section 3.1.3).

Ignoring modelling gaps may lead to sever risk underestimation [83]. To avoid this, substantial gaps must be explicitely managed.
Expert elicitation may be adopted to evaluate missing probabilities that cannot be set based on past records [18,31,97] or to quantify
expert-based missing models (e.g., missing fragility model for one component [98]), or even to define complementary scenarios to
evaluate the potential of existing gaps [60]. This allows for basing these potentially critical choices with the blind support of the PoE,
rather than leaving them under the full control of TI and PM.

Documentation of this second round of elicitations includes preparatory material, questionnaires, supporting material, and analy-
sis of the results.

3.2.4. PHASE 2 - STAGE 4: alternatives aggregation and preliminary results
Based on Stage 2 implementations and Stage 3 input, TI and IT can produce the preliminary results.
At this stage, alternative models are aggregated. As discussed above, different methods exist to perform aggregation. An important

issue to tackle is to check if marked multi-modality is found in the distribution of model alternatives, as in the case of UCERF 3 seismic
hazard model for the site of Redding, California [7,99], or in the case of tephra hazard in Naples [29]. In these cases, groups of alter-
native models diverge in their forecast, and the cause of such diversion should be explicitly discussed to understand whether interme-
diate values should be expected (and preferred).

The results of consistency and/or sanity checks and other post-processing analyses like disaggregation must be reported to in-
crease the results' readability. Consistency checks should show that the results statistically agree with existing evidence (i.e., they are
not rejected), and this should be tested explicitly through standard hypothesis testing (e.g., Ref. [64,100–102]). As data used for test-
ing are usually already considered in formulating the hazard/risk model, such tests are not proper statistical tests but simply sanity
checks. Disaggregation results are also fundamental to check the consistency of results and the potential implications of several
choices, as well as to balance the contribution of the different hazard/risk factors (source, propagation, fragility, etc.) to the final re-
sults [103].

Documentation is prepared by the TI and the IT as a final report to present the results and the post-processing analyses. The even-
tual lack of testing should be explicitly discussed by the TI and reviewed by the iPPRP.

3.2.5. PHASE 2 - STAGE 5: second review
This stage concludes PHASE 2 with the iPPRP review of the final implementation and the preliminary results. The iPPRP reviews

the detailed documents produced in PHASE 2 – STAGE 1 and PHASE 2 – STAGE 4 as well as all the other documents produced in
PHASE 2 (Table 2). As in the first review round (PHASE 1 – STAGE 5; Section 3.1.5), the iPPRP should evaluate technical and proce-
dural aspects. The specific foci of this second review are: i) the consistency of the decision-making process based on iPPRP and PoE
feedback for defining the final implementation plan and its overall scientific quality, ii) the coherence of results with implementation,
and iii) the adequacy of the presented sanity checks and other post-processing analyses. The TI should facilitate iPPRP's task by
preparing specific questionnaires containing the main points to be evaluated by the reviewers, leaving a free field to accommodate
any general comment of the iPPRP. Also in this second round, to favour the convergence toward final results, the review process may
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foresee a written interaction between TI and reviewers under the coordination of IPPRP, with replies to comments and reviewers' re-
evaluation, as in ordinary peer-review processes. This process is similar to what is described in PHASE 1 – STAGE 5, and specific docu-
mentation is produced.

3.3. Project's PHASE 3: finalization & dissemination
PHASE 3 is the conclusive phase in which the project's results are finalized, an agreement among the main actors on the project's

methods is reached, and final hazard/risk assessment results are disclosed. PHASE 3 is logically organized in 3 stages, which are not
necessarily sequential in time, but most likely may proceed in parallel. All the actions required in PHASE 3 and the required documen-
tation are reported in Table 3.

3.3.1. PHASE 3 - STAGE 1: finalization of the model and documentation
The TI and the IT jointly revise the final models and results considering the feedback from the iPPRP and perform the final compu-

tations. If significant changes were agreed with the iPPRP in PHASE 2, this process may imply communicating with the iPPRP until fi-
nalization.

At this stage, the TI produces a document that synthetically presents the final results and tests. Complementary to this document,
an extended abstract of the project is produced that synthesizes the whole process and describes all the activities carried out, the main
decisions made, the potential limitations, and suggestions for potential future improvements. To this end, iPPRP suggestions and crit-
ics should be discussed, especially whenever suggestions cannot be fully implemented for financial or technical reasons. The TI and IT
also update previous documents regarding the implementation plan, producing a second version of this document that accounts for
possible final changes required to accommodate the second round of review.

3.3.2. PHASE 3 - STAGE 2: agreement
At this stage, the PM, TI and iPPRP should agree on the project's procedure, methods, and documentation. To this end, the TI inter-

acts with the PM and iPPRP to reach an agreement on the final implementation plan and results, as reported in a specific document.
The TI can favour the convergence by arranging a final meeting with the PM and iPPRP. The agreement may be formalized through a
formal signed statement and/or by co-authoring a common document describing the overall procedure, results, and documentation.
Once the agreement is reached, all documents produced in all phases and stages are curated, for example, through the assignment of a
Digital Object Identifier (DOI), and made available to the stakeholders and, if possible, to the extended technical community and the
general public, following the rules agreed at the beginning of the project.

The documentation of Stage 3 includes meeting notes, the signed agreement statement and/or the jointly authored document.

3.3.3. PHASE 3 - STAGE 3: dissemination
The PM and the TI organize the dissemination phase. The dissemination should be designed to reach, at least, the extended techni-

cal community. A project website should be prepared, in which at least the extended abstract and the documents regarding the agree-
ment are made openly available to the public. MEP strongly encourages that all research objects should be Findable, Accessible, Inter-
operable and Reusable (FAIR) both for machines and for people. At the same time, ethics and standards should guide exceptions for
not sharing data. The iPPRP is involved one last time to check that the key project's results are reproducible.

Scientific publications (if pertinent) should be organized at this stage by the TI, in agreement with PM and stakeholders, and
stored in a project repository. The stakeholders should store and maintain all the documents and the website with the support of the
PM and the TI.

4. Applications of MEP in real case studies
To showcase the flexibility and scalability of MEP, we present two distinct applications: a multi-hazard risk analysis for stress test-

ing a critical infrastructure (section 4.1) and a regional single hazard analysis (section 4.2). In both cases, the involvement of multiple
experts through MEP has proven pivotal, allowing a robust decision-making process that effectively manages subjective choices and
selections. For multi-hazard applications, MEP enables the selection of hazards through collaborative input from various experts. Ad-
ditionally, it facilitates the definition of the modelling approach for systemic risk assessment, including identifying infrastructure
components and their interactions. In single hazard analyses at the regional level, MEP allows alternative approaches to address epis-

Table 3
Description of actors, actions and documents in stages of PHASE 3.

ACTIVITY ACTORS ACTIONS DOCUMENTATION

PHASE 3 – STAGE 1:
Finalization of the
model and of the
documentation

PM, TI The TI and the PM fully document the methodology and the results, and prepare final
documentation. This includes also the preparation of high-level summary documents to
increase the readability of results for end-users and/or the general public. All documents
are crystallized, to prevent future changes, and made fully available to stakeholders.

Report: Extended abstract
Report and Repository:
Results
Report: Updated
implementation plan

PHASE 3 – STAGE 2:
Agreement

PM, TI,
iPPRP

A final meeting between PM, TI and iPPRP is held, to reach an agreement on project's
procedure, methods, and documentation.

Report or publication

PHASE 3 – STAGE 3:
Dissemination

PM, TI,
iPPRP

Project's data, codes, results and methods are disseminated outside the project.
Dissemination tools are maintained by the stakeholder. PM and TI organize scientific
publications. The iPPRP check that the results are reproducible.

Public Repository and
Website with
documentation
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temic uncertainty quantification, significantly improving the overall model's validity and reliability. In both cases, this approach en-
hances objectivity, accountability, and results acknowledgement, garnering support from end-users and the broader technical com-
munity.

4.1. Stress test of the port of hessaloniki, Greece
The MEP approach was applied to assess the safety of critical infrastructure at the port of Thessaloniki (PoTh) in Greece. This

study was part of the European FP7 STREST research project [59] and utilized a risk-based multi-level stress test methodology [60].
The port occupies a total space of 1.5 million sq. m, covering a length of 3.5 km. Its infrastructure comprises six piers for cargo and
passenger traffic, extending along a 6200 m quay with a sea depth down to 12 m and storage areas of 600,000 sq. m. The MEP imple-
mentation was tailored for this specific case study within a research project, and some stages were simplified accordingly. As this was
a demonstration case study rather than a formal application, some modifications were also made to ensure feasibility and practicality,
as discussed below.

4.1.1. Phase 1: Pre-assessment
The stress test involves a probabilistic risk analysis for the spatially extended port infrastructure, considering its critical interde-

pendencies, such as energy supply, for multiple hazards, with quantification of epistemic uncertainties. Single and multiple hazards
and interdependent infrastructure are not predefined; hence, their selection and classification are central to the project and are ad-
dressed in Stage 1.

In Stage 1, the roles and responsibilities of PM, TI and IT are defined in Table 4. The iPPRP was formed with reviewers defined
within STREST for relevant project deliverables. The TI and the PM identified PoE members. A formal invitation letter was sent to 21
experts with diverse backgrounds, including the port authority, industry, and academia. The PoE comprises experts in hazard analysis
(e.g., physicists, seismologists) and infrastructure design and assessment (e.g., civil and infrastructure engineers). A kick-off meeting
(Stage 2) was organized on February 25, 2016 in Thessaloniki, Greece, where the MEP process and the role of experts were presented;
the meeting was attended by PM, TI, IT and 15 PoE members. To quantify the potential impact of a weighting scheme on the results,
all the elicitations were processed using three weighting schemes: Equal Weighting (EW), Acknowledgement-based Weighting (AW)
and Performance-based Weighting (PW). PW and AW weights were assigned to experts through seed questionnaires. Subsequently,
two rounds of specific elicitation (Stage 3) took place to screen and prioritize natural hazards and port infrastructure relevant to the
PoTh. Round A involves screening single hazards and port infrastructure, while round B focuses on prioritizing hazards and infra-
structure.

The screening process of hazards and their possible interactions was based on a list of 21 natural hazards [71], including geophysi-
cal, hydrological, shallow earth processes, atmospheric, biophysical and space/celestial hazards. For single hazards, screening criteria
were defined based on their relevance to the site and port infrastructure, e.g., pertinence in the region, negligible impact in the re-
gion, redundancy, lack of relevance to PoTh, and negligible influence on PoTh. For multiple hazards, the screening was based on in-
teraction criteria, such as one hazard triggering another, simultaneous occurrence of two hazards, increased infrastructure vulnerabil-
ity due to a hazard, or increased exposure to a second hazard.

The screening of single port infrastructure was based on performance and vulnerability criteria. This entailed evaluating whether
an infrastructure influences the target performance indicators of the port and assessing its vulnerability to all relevant hazards. The
screening of infrastructure interdependencies was based on criteria relevant to physical/functional, informational, geographical,
restoration, substitute, sequential, logical, societal, and general types of interdependencies [104].

Based on the elicitation results provided by ten experts for all the weighting schemes, the most relevant screened hazards included
the following single hazards: earthquake (t1), tsunami (t2), flood (t6), ground collapse (t9), local soil subsidence (t10), storm (t12), and
multiple hazards: earthquake and tsunami (t1,2), earthquake and ground collapse (t1,9), storm and flood (t12,6), earthquake, tsunami
and ground collapse (t1,2,9). Screening a single infrastructure indicated that most of it was deemed relevant to the PoTh. The AW
and EW had similar results, identifying most infrastructures except for wastewater (HBR6) and water systems (HBR7). The PW results

Table 4
Roles and responsibilities in MEP applications of Sections 3.1 and 3.2.

Multi-hazard risk at Thessaloniki port, project STREST
(Section 3.1)

NEAM Tsunami Hazard Model (NEAMTHM18), project
TSUMAPS-NEAM (Section 3.2)

Project Manager (PM) K. Pitilakis R. Basili, supported by the TSUMAPS-NEAM Advisory Board
Technical Integrator (TI) J. Selva, supported by S. Iqbal and S. Argyroudis J. Selva, supported by S. Iqbal, S. Lorito, A. Hoechner, H·K.

Thio
Implementation Team (IT) S. Iqbal and S. Argyroudis Project's Task 1 (Hazard Assessment) members
internal Participatory Peer

Review Panel (iPPRP)
Independent peer review organized during the Project J. Behrens, M. Dolce, D. Di Bucci, T. Parsons, E. Geist, M.

Pagani, A. Amato, A. Zaytsev, M. Gonzalez, J. M. Gonzalez
Vida

Pool of Experts Experts on hazards:
A. Kiratzi, G. Papathanasiou Z. Roumelioti, C. Papaioannou,
E. Sokos, N. Theodoulidis
Experts on infrastructure:
M. Alexoudi, S. Christopoulos, S. Fotopoulou, K. Kakderi, S.
Karafagka, I. Krestenitis, K. Makra, D. Pitilakis, E. Rovithis

Internal to the project: F. Romano, R. Omira, F. Lovholt, A.
Babeyko, A. Yalciner, G. Papadopoulos, M. Canals, A.
Bouallegue
External: A. Armigliato, M. Sorensen, C. Ozer, G. Davies, W.
Power, J. Polet, C. Meletti
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tend to confirm the same trend; however, PW provided an intermediate score (still larger than the waste-water and water systems, but
smaller than the others) for three infrastructures, namely, the fire-fighting (HBR09), the communication (HBR08) and liquid fuel sys-
tems (HBR04). Furthermore, based on the assessment of the experts’ judgment for EW, the relevancy of screened interdependencies
was categorized in three classes from non-relevant to relevant (Fig. 4A). The most relevant interdependencies included the following:
waterfronts (HBR001) and cargo handling (HBR002) - unidirectional; buildings (HBR003) and electric power (HBR005) - bidirec-
tional; buildings (HBR003) and communications (HBR008) - bidirectional; roadway (HBR010) and cargo handling (HBR002) – unidi-
rectional; and railway (HBR011) and cargo handling (HBR002) - unidirectional.

To prioritize hazards and infrastructure during round B, experts were asked to provide judgments using a numerical scale from 1
to 7 derived from a verbal scale, where numerical values were linked to the verbal expressions typically adopted to describe the rela-
tive frequency of the events [24]. The elements assessed included (i) the relative likelihood of significant intensities of screened haz-
ards; (ii) the likelihood of significant damages to the port infrastructures given significant intensities of single or combined hazards;
(iii) the non-functionality of the screened port infrastructures, given significant damages; (iv) the impact on the port performance.
The latter was defined in terms of two performance indicators: the total cargo/containers handled (p1) and the total cargo/containers
handled and delivered to the port's gate (p2). Overall, no single hazard got the same priority under the three weighting schemes. Haz-
ards t1,9 and t6 were identified as the most and least threatening under EW and AW, while t12 and t1,2 were the most and least threat-
ening under PW. HBR005 was consistently identified as the most vulnerable among port infrastructures, regardless of the weighting
scheme. Conversely, HBR009 was found to be the least vulnerable under EW and AW for both p1 and p2. The prioritization of interde-
pendencies was not performed since all selected interdependencies were implemented (Fig. 4A).

Fig. 4. A) Screening (above) and selection (below) of port infrastructure interdependencies and categorization to relevant (brown), intermediate (green), and non-
relevant (blue), based on judgments provided by ten experts. B) Results of the elicitation to rank the need to explore modelling alternatives in the four steps of tsunami
hazard quantification: green, yellow and red indicate low, medium and high priority, respectively [87].
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After considering the elicitation results, the risk assessment model was finalized (Stage 4). At this stage, it was decided to include
only the relevant hazards, infrastructure, and interdependencies in the model, considering the availability of data, models (e.g.,
fragility function), and resources. The risk assessment model was then internally reviewed within the research project (Stage 5).

4.1.2. Phase 2: Assessment
Following the Phase 1 revision, the risk assessment plan was finalized (Stage 1) and subsequently implemented (Stage 2) to per-

form the stress test [105]. Due to temporal constraints and the limited availability of full-scale risk analysis models for spatially dis-
tributed infrastructures, the analysis considered only one model without any alternative implementations. On the contrary, alterna-
tive implementations were available in the literature for seismic and tsunami hazards [5,106]. PM and TI deemed further elicitations
unnecessary for the seismic model in Stage 3, as official hazard models already provided the required weights. However, an ad hoc
elicitation was instead made to quantify potential alternative implementations of the source model of an ad hoc tsunami hazard
analysis produced following the procedure defined in Ref. [107]. The weights of alternative models indicate each model's (subjective)
credibility in the technical community; thus, the experts must compare pairs of alternative modelling implementations and assign a
relative degree of preference. This involved an Analytical Hierarchy Process (AHP) based elicitation [108], a multi-criteria prioritiza-
tion method involving pairwise comparisons of alternative options to assign numerical scores ranging from 0 to 1. The estimated nu-
merical scores were normalized and used as weights of the alternatives in an ensemble model [106]. The results of the application
[109] were produced as part of the stress-testing methodology [60], providing not only the results of the risk quantification but also
offering suggestions for potential system strengthening (Stage 4). The STREST project deliverables documented the final results and
underwent a standard review process (Stage 5).

4.1.3. Phase 3: Finalization and dissemination
The final model was implemented and documented, producing the final results of Stage 1 [105]. As this application served as a

demonstration case study, a formal agreement (Stage 2) was not required, which would have been necessary in a real stress test sce-
nario. The results of this case study were effectively disseminated (Stage 3) during the final meeting of the STREST project [110] as
well as in project reports and publications discussing the stress testing approach to the PoTh [59,105,109,111].

4.2. Tsunami hazard: NEAMTHM18
The MEP workflow has been adopted in producing the reference regional hazard model for tsunamis originating from seismic

events in the NEAM (North East Atlantic, Mediterranean and connected seas), named NEAM Tsunami Hazard Model 2018 –
NEAMTHM18 [87,112,113]. This probabilistic hazard model has been produced in the framework of the project TSUMAPS-NEAM
(http://www.tsumaps-neam.eu/). NEAMTHM18 has been adopted by the IOC (Intergovernmental Oceanographic Commission) of
UNESCO in the Intergovernmental Coordination Group for the NEAM Tsunami Warning System (ICG NEAMTWS) 2030 Strategy doc-
ument [114]. The full documentation of the project is reported in Ref. [112].

Here, we discuss MEP implementation for NEAMTHM18, highlighting the main procedural choices and the decision-making strat-
egy. Being NEAMTHM18 a single-hazard model, many of MEP steps and stages are simplified or omitted, demonstrating MEP's overall
scalability and flexibility.

4.2.1. Phase 1: Pre-assessment
Stage 1 started with the elaboration of the proposal coined “Probabilistic TSUnami Hazard MAPS for the NEAM Region -

TSUMAPS-NEAM”, submitted to the European Civil Protection and Humanitarian Aid Operations (DG-ECHO, https://ec.europa.eu/
echo/index_en), which played the role of end-user. Representatives of all project partners (nine institutions from Italy, Norway, Por-
tugal, Germany, Turkey, Spain, Greece, Morocco and Tunisia) agreed with DG-ECHO regarding the effort's main goals, timing and
budget. The TSUMAPS-NEAM's kick-off was held in Rome on 10–11 February 2016. During the kick-off meeting, the main character-
istics of MEP (in its early development stage) were discussed, and all partners agreed to follow MEP and shape the project's workflow
accordingly. PM, TI and IT members were established (Table 4). Both PM and TI were assigned support teams to represent end-users
and better organize expert elicitations, respectively.

For Phase 1 – Stage 2, The PoE (Stage 2) was formed by mixing representatives of the project partnership (one representative per
partner) and external experts (reported in Table 4 as “Internal’ and ‘External’, respectively), covering expertise on probabilistic haz-
ard quantification (specifically, for seismic and/or tsunami hazards), seismic source uncertainty management including knowledge of
the regional sources, tsunami and seismic hazard, tsunami numerical modelling, and knowledge of the historical tsunamis. The iPPRP
comprised only external experts, considering expertise similar to the one described for the PoE, with additional expertise on the end-
use of tsunami hazards (civil protection representatives). PM and TI and their respective supporting teams made the selection of exter-
nal members (iPPRP and part of the PoE). At the same time, each institution proposed the PoE's internal components, which were
agreed upon by the TSUMAPS-NEAM Advisory Board (PM support team).

All members of PoE and iPPRP were formally invited by the PM, and a joint iPPRP-PoE kick-off meeting was organized along with
a project's technical meeting in Athens (Greece) from 29 June to July 1, 2016. The members of iPPRP and PoE were invited to partici-
pate in the entire meeting, during which a training session was held to familiarise them with the TSUMAPS-NEAM project approach,
goals, and partners. The general scheme of the hazard assessment in the TSUMAPS-NEAM project was presented and discussed in the
technical meeting. In the kick-off session, the TI presented the general scheme of MEP, the specific roles of the PoE, and the iPPRP,
discussing the interaction process among the different actors and its scope. The TI also introduced expert elicitation methods, dis-
cussing their rationale, existing methods, and the rationale for weighing the experts in elicitations. It was agreed to implement multi-
ple weighting schemes to test their impact on the results and let the PoE score the preferred one during the elicitation. Three weight-

http://www.tsumaps-neam.eu/
https://ec.europa.eu/echo/index_en
https://ec.europa.eu/echo/index_en
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ing schemes have been adopted: equal, performance-based [37], and acknowledgement-based [51]. The fifteen members of the PoE
were invited to answer a seed questionnaire and to acknowledge two other experts of their own choice within the PoE. The alternative
weighting schemes were scored in the second elicitation round, resulting in a slight preference toward performance-based weights
(0.57 against 0.43) [112]. These activities were propaedeutic to quantify the performance-based and acknowledgement-based
weights, respectively.

In Stage 3, the TI organized the first elicitation experiment. The main goal has been to trim the potential alternative models for the
epistemic uncertainty quantification. This was fundamental as many models exist, but the project's constraints (especially timing) and
common practice [19,115] suggest limiting the total number of implemented models. The elicitation was held online, sending the
questionnaires via email and asking for written replies (questionnaires and results can be found in Ref. [112]). The trimming was per-
formed by prioritizing the steps (and the substeps) of hazard implementation regarding the need to explore alternatives. To this end,
an AHP method [108] was implemented. To produce aggregate results, we implemented an aggregation of individual judgments tech-
nique considering both weighted arithmetic and geometric means to evaluate group central tendency [116–118], using all three
weighting schemes. Since all weighting schemes provided coherent results, no further effort was made to aggregate them. The results
clearly indicated the need for significant exploration of alternatives in modelling the frequency of high-magnitude events (e.g., an-
nual frequencies, slip distributions), with relatively less effort to be implemented in other parts of the assessment, such as the imple-
mentation of alternative tsunami modelling for source-to-site propagation in deep sea [87,112].

In Stage 4, PM, TI and IT defined the preliminary implementation and prepared a detailed document to describe the details of haz-
ard quantification. This document and all the documents of Phase 1 have then been submitted to the iPPRP for review (Stage 5). The
review was done by asking each reviewer to express opinions regarding the project processes and methods described in the implemen-
tation plan, appendices, and other documents. Reviewers were asked to submit a numerical rating from 0 to 5 (5 being the highest rat-
ing) on 6 questions regarding the clarity of the documentation, the capability of the proposed methodology to fulfil the needs of end-
users, the opinions expressed by the PoE, and to perform a satisfactory quantification of the hazard and of the community distribu-
tion. Reviewers were allowed to add specific suggestions and comments to accompany their responses and give unlimited general
comments.

Phase 1 ended with the analysis of iPPRP reviews, which were summarized in a specific document [112]. Some concern was ex-
pressed about the preliminary documentation (too dispersive) and some specific modelling choices (e.g., treatment of the tails of the
frequency-size distribution of earthquakes, the shape of unit sources for tsunamis, and the use of topo-bathymetric data). Suggestions
were made also about potential sanity and consistency checks to be performed. The PM and the TI defined a strategy to address iPPRP
concerns, agreeing to develop and implement an updated implementation plan in Phase 2.

4.2.2. Phase 2: Assessment
In Stage 1, TI and PM updated the preliminary plan to fulfil the review. The implementation plan was updated to produce a final

version, with a clear definition of Phases 2 and 3 documentation and a plan for post-processing results and producing sanity checks.
No need to update the PoE was identified. Then, the IT implemented all the selected models (Stage 2), and prepared a full documenta-
tion for both input data and developed codes. For publicly available data, the documentation provided the links to the original
sources and relevant documentation. For new data, the documentation included a technical description of the data files with enough
details to guarantee potential reuse. All files and codes were stored in a private repository, making them available upon request. The
data-processing codes were also preserved in a computational platform that can be accessed upon request and subject to obtaining the
necessary credentials.

The second PoE elicitation (Stage 3) focused on quantifying the weights of the implemented alternative models. A document with
further details on implemented models was produced to support the PoE and provide a report on the implementation plan. AHP was
again selected as the method for the elicitation because of the experience gained by the PoE participating in the first elicitation round.
To merge the three weighting schemes into one weight, the preference of PoE to either performance-based or acknowledgement-
based weighting schemes was asked through the AHP, and the score emerging from the elicitation, evaluated with equal weights for
the experts, provided the weights to produce weighted means of performance-based and acknowledgement-based results. Following
Goepel [117] and Forman and Peniwati [116], the weighted geometric means were considered to estimate the group's central ten-
dency. The final scores have been adopted as weights for the alternative models.

The aggregation of alternative models (Stage 4) was performed using an ensemble modelling [7,106], providing, as a result, a fam-
ily of hazard curves at each target point and their statistics (mean model, different percentiles). A short and synthetic document illus-
trating the preliminary results and the results of the main tests and sanity checks performed was then prepared.

In the second revision (Stage 5), iPPRP members were asked to express their opinions on the final project implementation, results,
and assessment of the sensitivity of results to inputs, tools, and documentation. Opinions were collected through individual docu-
ments and summarized in a single document. As in Phase 1, iPPRP opinions were collected as a quantitative rating of the different as-
pects (method, integration of PoE suggestions, documentation, etc.), and reviewers were allowed to add specific suggestions and com-
ments. Phase 2 ended with the analysis of iPPRP reviews [112], which showed that the scores improved with respect to the first
round, with a general agreement about the implemented method and coherence of the results. Several suggestions were made about
improving the uncertainty treatment (e.g., uncertainty on the size of finite faults, uncertainty in tsunami modelling parameters, un-
certainty in inundation estimation, potential non-linearity in some target sites) and the representation of the results. Interesting sug-
gestions were made about potential issues to be accounted for in the next-generation hazard quantifications, which were triggered by
the project results. At this point, a final implementation plan was agreed.



International Journal of Disaster Risk Reduction 110 (2024) 104641

16

J. Selva et al.

A specific meeting was organized to discuss the final results with the iPPRP, held in Tunis, Tunisia, on 11–12 September 2017. PM,
TI, IT, iPPRP, and end-user representatives participated in the meeting. The meeting included sessions dedicated to the presentation
of the final results, discussion of the answer to reviewers (from the second round), an open discussion session with the participation of
the iPPRP, PoE representatives and end-user representatives, and a session organized by the iPPRP dedicated to present the final iP-
PRP recommendations. Notably, PM, TI, and iPPRP agreed to have a further open review step based on access to the final results of
the iPPRP panel and of the extended technical community, to collect potential feedback. To this end, the final results were disclosed
and advertised to the larger technical community in December 2017. Results remained open for a three-month moratorium, during
which feedback was collected. After this, the method and results were crystallized.

4.2.3. Phase 3: Finalization & dissemination
The documentation of methods was updated, and final results were produced (Stage 1). An agreement was finally reached, and all

the participants in the entire process completed a common publication. This goal was reached in 2021 [87].
The preparation of the final documentation (Stage 2) and the dissemination to the larger technical community (Stage 3) partially

overlapped in time. The final documentation included, in addition to technical documents on model implementation, a Layman's Re-
port, guidelines for end-users, and other dissemination material (e.g., brochure, videos, etc.). The finalized documentation was pub-
lished on September 12, 2019 [112], with an assigned Digital Object Identifier (DOI).

Dissemination (Phase 3 – Stage 3) started at the very beginning of the project with the publication of several preliminary, interme-
diate, and final results using the project website (http://www.tsumaps-neam.eu/). This was also done by publishing NEAMTHM18 on
the EPOS ICS-C (https://www.ics-c.epos-eu.org/), along with other services provided by the newly formed candidate TCS Tsunamis
[119], as discussed below. These websites fully illustrate the project development and provide links to access the project documenta-
tion. The most relevant web pages are.
• https://www.tsumaps-neam.eu/documentation/ provides access to project progression, technical reports, other dissemination

material, and all the PHASEs 1 & 2 documents.
• https://www.tsumaps-neam.eu/publications/ lists the relevant articles published in peer-reviewed journals.
• https://www.tsumaps-neam.eu/neamthm18/ is the landing page associated with the Digital Object Identifier minted by INGV

through DataCite on September 12, 2019 (https://datacite.org/). This page includes 1) links to the interactive mapper where
the hazard and probability maps can be navigated, interrogated, and tsunami hazard data downloaded; 2) links to hazard data
distributed through the Open Geospatial Consortium standard protocols via the INGV platform https://tsumaps-neam.eu/web-
services/; 3) link to the relevant metadata associated with the dataset (https://data.ingv.it/en/dataset/309) and stored in the
INGV Open Data Portal; 4) the license terms of use (CC BY 4.0); 5) citation and abstract. All these elements guarantee that the
project results remain persistently findable, accessible, interoperable, and reusable (FAIR).
Full access to the hazard model results and output data was obtained through a dedicated Interactive Hazard Curve Tool adver-

tised to the larger tsunami community and the public.
To guarantee reproducibility, codes, input, and intermediate data were stored in a repository for long-term maintenance and made

available upon request. In the meantime, the model was also presented and discussed at several international Congresses.

5. Final remarks
The MEP framework presented in this paper provides a systematic and transparent workflow for multiple-expert interaction in

managing uncertainty and subjectivity within single to multiple hazard and risk projects, with a primary focus on natural hazards. We
successfully applied this protocol and demonstrated its versatility of MEP through two case studies: (i) a multi-hazard risk analysis for
the port of Thessaloniki in the FP7 STREST project [59,60] and (ii) the NEAM seismic probabilistic tsunami hazard model, in the DG-
ECHO TSUMAPS-NEAM project [87].

In a nutshell, MEP facilitates a formal decision-making process through consensus among multiple experts, ensuring transparency
and independence and clearly establishing responsibility, accountability and ownership of results. MEP's key actors include a Project
Manager (PM) managing the project and represent the end-users, a Technical Integrator (TI) who coordinates the scientific aspects of
the project, an Implementation Team (IT) supporting the scientific implementations, a Pool of Experts (PoE) representing the larger
technical community to support decision-making on subjective matters, and an internal Participatory Peer Review Panel (iPPRP) pro-
viding a participatory review. MEP consists of three consecutive phases: the pre-assessment phase (Phase 1), in which the method is
defined; the assessment phase (Phase 2), in which the preliminary results are produced; and the finalization phase (Phase 3), in which
a formal agreement is reached and results are disseminated.

The two case studies highlight the overall flexibility of MEP and its capability to adapt to multiple tasks and deal with all the main
issues that may emerge during such projects. For example, in the Thessaloniki case study, the role of PoE was fundamental in guiding
and making objective the selection of the hazards to be considered in the multi-hazard analysis and of the main elements and interac-
tions to be included in the systemic vulnerability model. In practice, there was an infinite spectrum of possible choices. The fact of
starting the implementation from an external and formalized opinion, independent from the project management (PM and TI), guar-
anteed that their choices were not based on the existing capability of the implementation group. Indeed, without this external input,
PM and TI more or less consciously may select those hazards and those components whose competences are already covered in the
project, rather than on their actual importance. This process also guaranteed that the adopted simplifications were explicitly dis-
cussed, favouring future scrutiny for improving subsequent applications.

http://www.tsumaps-neam.eu/
https://www.ics-c.epos-eu.org/
https://www.tsumaps-neam.eu/documentation/
https://www.tsumaps-neam.eu/publications/
https://www.tsumaps-neam.eu/neamthm18/
https://datacite.org/
https://tsumaps-neam.eu/web-services/
https://tsumaps-neam.eu/web-services/
https://data.ingv.it/en/dataset/309
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MEP allows for dynamic management of the complexity that may vary depending on the complexity of the assessment, as well as
the available budget, the deepening level requested by the end-users, and the level of disagreements among experts. This aspect was
strikingly important in the NEAMTHM18 development. During the iPPRP and PoE kick-off meeting held in Athens, two important re-
quirements emerged from the iPPRP: the need to model the background seismicity (earthquakes outside subduction zones, typically
not considered in tsunami hazard, but ultimately fundamental in small seas like the Mediterranean) and the requirement of consider-
ing alternatives to quantify the rates of subduction zones. These requirements were difficult to reach within the budget and temporal
constraints of the project. This forced the discussion toward practical proposals. In particular, for the background seismicity, a priori-
tization action was introduced to define the extension of the background seismicity areas, allowing for a strong reduction of the com-
putational effort required for modelling the potential tsunamis. For the rates, several PoE members proposed the introduction in the
preliminary NEAMTHM18 model (the one proposed at the end of PHASE 1) of an existing model previously developed for another
global hazard model [94]. This model was introduced within the range of the proposed alternative hazard models to be implemented
in NEAMTHM18 and ultimately resulted as one of the most weighted in the ensemble [87,112]. All these implementations were ini-
tially unforeseen in the project kickoff meeting: they helped the process of convergence toward an overall procedural consensus, also
increasing the awareness of end-users on the limits of the developed model, as they actively witnessed the entire revision/decision
process.

These applications also demonstrated that one of the added values of the full traceability of the entire decision-making process
over subjective matters is that, by increasesing the awareness of end-users, makes MEP budget-conscious, in that the targets and the
limitations for evaluation are explicit and established based on the effective needs of the entity funding the hazard/risk assessment.

Finally, it is worth noting that MEP's technological neutrality made it applicable across various hazard, risks and scales, since it
provides a flexible workflow rather than rigid prescriptions. This allows for a uniform process for diverse ‘clients’, such as industries
and communities, to develop comparable hazard and risk assessments. This is crucial for developing transparent regulations and pub-
lic policy decisions across large geographic regions or globally. In this sense, MEP contributes towards safe and reliable complex tech-
nological systems and effective regional and global risk governance, aligning with the goals of the Sendai framework for disaster risk
reduction of the United Nations Office for Disaster Risk Reduction (UNDRR) [121].
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