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Abstract 

The paper presents a web-based application developed as a medium for executing a serious game to 

enhance multi-jurisdictional collaborative planning and decision making for mitigation of multiple hazards 

related to water (i.e., floods, soil erosions, water quality). The gaming application is integrated into the 

Iowa Watershed Decision Support System (IoWaDSS) designed to serve as a comprehensive multi-sectoral 

data repository along with the simulation results of process modeling to educate and inform communities 

on the status of their watersheds during extreme conditions. The interactive serious gaming application 

was devised to encourage public engagement, facilitate communication and positive relationship 

between watershed communities, and make the decision process more attractive and transparent for the 

stakeholders. The web environment offers easily-accessible, user-friendly interfaces that match the skills 

and knowledge level of a non-technical user. Developed with adaptive design and flexible architecture, 

the gaming application is generalizable and extendable to support hazard mitigation in other watersheds. 

 

1. Introduction 

Water-related hazards occur most often as relatively fast progressing hydro-meteorological processes 

that threaten the integrity, security, and resilience of many watersheds across the world (Dibike and 

Coulibaly, 2005). They appear in a wide variety of forms such as flooding, sedimentation, reductions in 

water quality, and ecological habitat deterioration, causing devastating social and economic impacts 

(Crossman et al., 2013; Krajewski et al., 2017). Mitigating hazards is a complicated endeavor as many of 

the underlying physical processes are not fully understood, and finding solutions accepted by local 

stakeholders involves considerations of social and economic vulnerabilities. The increased occurrence and 

diversity of water-related hazards (Kappes et al., 2012; Komendantova et al., 2014) have led to the 

concept of “multi-hazard” mitigation whereby all interconnected hazards are increasingly considered 

simultaneously through comprehensive watershed planning.  

The water management problems approached in this paper include mitigations of flooding, soil 

erosions, and reductions in water quality, whereby the three water-related hazards are connected by the 

movement of the water over a range of spatial and temporal scales. In general, planning associated with 

multi-hazard mitigation faces multiple challenges, including the following: (1) integration of large amounts 

of data that covers multiple watershed processes, (2) educating and engaging communities during 

watershed planning processes, and (3) ensuring close collaboration and clear communication between 

multiple heterogeneous actors (e.g. decision-makers, analysts, stakeholder) with diverse expertise and 

interests (Andrienko et al., 2007; Demir et al., 2009). Addressing these challenges requires a platform that 
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can easily ingest and access multiple-domain data and offers a collaborative environment that enables 

the co-production of mitigation plans with the involvement of multiple watershed communities. With 

traditional water resources planning methods that are performed separately by different watershed 

communities, collecting the data and information required to develop plans for multi-hazard mitigation 

can be time- and labor-intensive, and there are limited options for public education and engagement 

during the planning process.  

In recent decades, hazard mitigation plans have been increasingly approached with customized 

Decision Support Systems (DSS) that adopt architecture and technologies developed in other socio-

economic domains (e.g., banking and e-commerce). Some previous watershed-management DSSs have 

been tested by government agencies, academic institutions, and consulting firms (Demir and Beck, 2009; 

Zhang et al., 2011). Most of these systems are designed to tackle a single natural hazard. There are few 

applications (e.g., Kochilakis et al. 2016; Newman et al. 2017) that can address multiple hazards acting 

simultaneously. However, web-based DSSs that consider the combined impacts and risks of multiple 

water-related hazards (e.g., flood, erosive runoff, water pollution) are still rare. Moreover, they are 

designed for specialized communities (water managers, researchers, specialized agencies) and do not 

engage broader communities in a holistic planning process (Newman et al., 2017) that covers multiple 

aspects (e.g., social, economic, and environmental) of hazard mitigations. In addition, many of these DSSs 

face software engineering challenges regarding system adaptability to new application conditions, such 

as including the consideration of new hazards in the planning processes or extending the system coverage 

to new watersheds (Argent, 2004; Gil et al., 2016).  

An emerging trend in the development of DSS is the application of serious-game approach (Deterding 

et al., 2011; Voinov et al., 2015). Serious games are typically designed for purposes (e.g., education, 

research) other than entertainment (Abt, 1970). This is a collaborative planning approach, which has been 

recently found to be an efficient and timely method that creates an engaging environment. Within the 

gaming environment, players can assume realistic roles (Hayden et al., 2007), tackle issues, devise 

strategies, make decisions, and get quick feedback on their actions (Newman et al., 2017) while interacting 

through live experiences that enable incorporation of their perspectives and reflections for social learning 

(Medema et al., 2016; Van der Wal et al., 2016). Despite the usefulness of this approach, many past serious 

games have been implemented using traditional mediums (e.g., desktop applications and board games) 

that offer limited capabilities for simultaneous access, analytical processing, and multiplayer coordination, 

making them less effective for supporting the collaboratively planning that aims to solve complex 

environmental issues. 

In this paper, we present a web-based geospatial application that utilizes serious game techniques to 

facilitate collaborative planning for mitigating multiple water-related hazards. The developed web-

technology is an integral part of the efforts spent by the U.S. Army Engineer Institute for Water Resources 

to promote the Shared Vision Planning (SVP) program (IWR, 2010). Our gaming application not only has 

the capabilities to integrate a wide variety of water-related data and modeling results that can address 

multi-hazard risks (flooding, erosions, habitat deteriorations, municipal water supply damage, and water 

quality) from different perspectives (e.g., environmental and socio-economic impacts), but also provides 

an interactive environment for community engagement and knowledge sharing. The gaming application 

module was later integrated into the IoWaDSS, a comprehensive web-platform prototyped to facilitate 

planning for integrated water resources-related projects at watershed scales. The serious gameplay (rules, 

https://www.iwr.usace.army.mil/Missions/Collaboration-and-Conflict-Resolution/SVP/About-SVP/History-of-Shared-Vision-Planning/
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traditional implementations, and its use in social learning), as developed by the U.S. Army Corps of 

Engineers (USACE) for delivering the 2016 Cedar Rapids Multi-Hazard Tournament (MHT) in the Middle 

Cedar Basin watershed, is described by Carson et al. (2018). The present paper focuses on the 

cyberinfrastructure aspects of the serious gaming application (i.e., design specifications, architecture, 

system backend, and innovative game implementation through a DSS) to reveal the effectiveness of the 

DSS for hosting a web-based serious game, as well as its adaptability for addressing water-related hazards 

that are occurring in other regions.  

 

2. System Design and Development 

2.1 Planning Component  

The IoWaDSS entails a seven-step process synthesized from planning documents used by the United 

States Environmental Protection Agency (USEPA), the USDA’s Natural Resources Conservation Service and 

the USACE (Carson et al., 2018). The layout of the seven-step planning process is illustrated in Figure 1a.  

The motivation for the development of the system was the creation of a new type of local entity in the 

State of Iowa, known as the Watershed Management Authorities (WMA). These organizations were 

tasked by the Iowa legislature to develop comprehensive watershed plans for addressing current and 

future water-related problems, and to collaborate with multiple entities that act locally to solve water 

problems.   

 

2.2 Gameplay Component 

In addition to typical DSS functions (i.e., integration of a large amount of watershed information and 

resources to address multiple water hazards from a holistic view), hosting a gameplay through a 

collaborative environment requires the following design considerations : (1) connecting different game 

actors through the internet and automates the gameplay process, (2) facilitating communication and 

interaction between different gaming actors in real-time, and (3) sharing and storing knowledge, insights, 

and evaluative feedbacks that are generated during the gameplay. In addition, the gaming component 

needs to provide interactive and intuitive interfaces that are understood by community users who have 

different levels of domain knowledge, different goals and needs with respect to managing water resources 

(Demir, 2010; Demir et al., 2015). 

The gaming component of the IoWaDSS platform entails Steps 3 and 4 of the planning process, which 

is displayed in Figure 1a (i.e., Alternatives and Assessment). More specifically, the “Alternatives” step is 

developed using scenario-based simulation outputs from 8 different multi-domain models (physical and 

socio-economic), which are produced based on various combinations of 40 different watershed 

management practices that are derived from the Agricultural Conservation Planning Framework (ACPF) 

and are applied in the Middle Cedar River watershed. Each combination was applied under four climate 

scenarios (historic, flood, drought, and composite) and each simulated climate scenario creates a round 

(also labeled as a “turn”) in the gameplay, which was later evaluated using performance indicators of 

different aspects (e.g., economic, social, and environmental) (Carson et al., 2018). The input and output 

data associated with the pre-run simulations were stored in the gaming application’s database, along with 

the information on how each of these management practice (selected in different combinations by game 

players) would interact with each other and ultimately impact the environmental, economic, and social 

scores that are evaluated in the “Assessment” step.  

The system design was tailored to seamlessly support the rules of the gameplay and automates the 

gameplay processes through interactive gaming interfaces (as illustrated in Figure 1b). In the “alternative” 
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step, players are encouraged to form teams. Each team, through the gaming interfaces, is provided with 

a player account, which allows users in the team to collaboratively set watershed planning objectives, 

explore the available planning resources, and create alternative planning scenarios based on their 

evaluation of the risks and vulnerabilities associated with the historical, current, and future climate 

conditions in their watersheds. Following each round of the game, the team shares a press release with 

the audience in the rooms to justify the reasoning behind their scenario development. In the “Assessment” 

step, the gaming application evaluates player teams’ performances and provides feedbacks in the forms 

of both “technical score” and “referee score” for each team. The “technical score” is generated through 

a set of innovative evaluation metrics that estimate trade-offs between the player-selected scenarios 

(watershed management strategy) and the impacts these practices would have on social, economic, and 

environmental factors specific to the Cedar River basin. The “referee score” represents the evaluations 

from peer reviewers on the innovation involved in assembling the scenarios, and is collated, and stored 

through the user accounts provided via the gaming component during the gameplay. The two scores are 

then weighted and summed up to give a total score for each team. Ultimately, these scores are shared as 

feedbacks with players and observers to inform them about the best management practices that minimize 

the overall impacts from water-related hazards in the watershed, as well as useful experiences for 

mitigating multiple hazards.  

 

 
 

 

Figure 1. The overall functionality of the serious gaming application: a) workflow of the IoWaDSS 
planning process (Carson et al., 2018), b) gameplay processes within the serious-gaming application. 

 
2.3 System Design  

2.3.1 Architecture 

The serious gaming application adopts a modified MVC (Model-View-Controller) architecture (Figure 2). 

Components in the application include a Content Management System (CMS) for supporting multi-

a) 
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user/multi-role interactions and information management on the server-side (application layer), and a 

template engine on the client-side (presentation layer) to improve the flow and logic control of the gaming 

interfaces. The MVC design pattern separates web application codes into model, view, and controller 

layers based on their functionality, which increases the application’s flexibility and adaptability. The model 

reads game configuration data (stored in the data layers) that defines the necessary watershed 

information and gameplay rules to organize the general logic and workflows of the gaming application, so 

as to create appropriate views and controllers. The view renders different user interfaces on the client-

side (within users’ browser) to provide adequate navigation and visualization of the gaming workflow. The 

controller handles user interactions through the interface by sending user-request as commands to the 

model for achieving specific functionality and for updating the view to display user-interfaces based on 

the progress of the gameplay.  

In our application, we devised a double-MVC pattern that further divides the model and controller 

into either server-side model/controller or client-side model/controller based on their different roles in 

the system functionality. The server-side model/controller is designed as a watershed cyberinfrastructure 

to provide watershed-specific gaming data to the client-side. On the client-side, the independent 

model/controller can render fluid gaming environments with flexible rules and customized interfaces, 

without altering the game configuration data on the server-side. The adoption of the client-side 

model/controller improves the gaming application’s ability to incorporate complex gaming rules into the 

user interface. Compared with the traditional web applications that rely on the server-side 

model/controller, through which users must refresh the static web page to update the user interface, the 

client-side model/controller is able to generate and update HTML components dynamically without the 

need of refreshing the entire page, therefore it ensures the fluidness of the gameplay by reducing 

potential delays and pauses caused by the page refresh. This setup would transform a multi-page/multi-

interface web application into a Single Page Application (SPA). From the system design perspective, the 

client-side model/controller offers an effective paradigm for developing front-end (JavaScript) heavy 

application. When resolving complex gaming requirements and rules, the client-side model/controller has 

built-in a package manager, which can systematically control the loading and caching of different 

JavaScript libraries that are needed for constructing different user interfaces (for different planning 

processes or gaming steps) and data visualizations (e.g., web map and summary of technical scores). 

Besides, the client-side controllers can efficiently partition the JavaScript events that are created based 

on the complex game rules (e.g., updates the planning budget for each game turn), as well as to resolve 

conflicts between two JavaScript events, such as the situation when players are not allowed to select two 

adaptions simultaneously.  

This modified MVC pattern makes our application more generalizable and adaptive, as the game 

configuration data primarily drive the whole application. In this regard, the serious gaming application can 

be reused in similar serious games that are applied to watersheds in other U.S. regions. When the game 

is applied to a new watershed, only the configuration data needs to be modified by web developers 

accordingly (e.g., adding new watershed information from the NHDPlusV2, pre-run modeling results, and 

gameplay rules) without changing the core architecture significantly. By adjusting the socio-economic and 

environmental metrics to the specific conditions of the new watershed through the server-side 

model/controller, serious gaming applications can be quickly rendered for new game deliveries. On the 

client-side, the visualization and interface components are also reusable and extendible based on the 

need of the new watershed through the client-side model/controller. This flexible architecture enabled a 
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subsequent implementation of the same web constructs to MHTs conducted in several watersheds within 

the San Antonio River basin, Texas. Mobil compatibility issues are also considered during the design stage 

to ensure the platform access through various devices (e.g., desktop, smartphones, and tablets) operating 

under different internet conditions (Schade, 2014; Demir and Krajewski, 2013). 

 

Figure 2. The architecture of the serious gaming application. 

 

2.3.2 Data Layers 

The data layers store all the essential gaming configuration data that is used to drive the gaming 

application. In the context of MHT, this component stores the configuration data that contains both the 

(1) fundamental information of the Middle-Cedar River basin (study area for the game) and (2) outputs 

from eight multi-domain models (e.g. NARCCAP, SWAT, ACPF, HEC-RAS, HEC-SSP, HEC-FIA, InVEST, HEC-

GeoRAS) that reflect the overall consequence (impacts, risk, vulnerabilities) of multiple water-related 

hazards, such as flooding, erosions, and water quality issues. 

Watershed-related data within the Middle-Cedar River basin are warehoused in Digital Watersheds 

(DW) through the National Hydrography Dataset Plus Version 2 (NHDPlusV2), which provides physical (e.g. 

shapefiles of rivers, catchments, and watershed boundaries) and topological (e.g. river connectivity, 

hierarchy of tributaries, hydrologic unit code system) descriptions of the real-world hydrologic system in 

a digital environment (Muste, 2014). The data layers in the serious gaming application are created by 

indexing watershed-related data with an identifier (adopted by the NHDPlusV2) to indicate which 

watershed does the data pertain to. For data storage purposes, a PostgreSQL database is used. Structured 

in this fashion, the gaming application is able to provide players quick-access to any watershed-related 

data and information (e.g., watershed characteristics, stream sensor information, and statistic maps) for 

any streams and sub-basins within the Middle-Cedar River basin. By taking advantages of the NHDPlusV2’s 

national coverages of hydrologic connectivity and hydrographic features, the data layers of our application 

can be potentially extended to ingest water-related data pf watersheds in other U.S. regions. 
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The modeling outputs are produced under different scenarios, which involve the use of 40 different 

practices in various combination. During the serious game, these combinations of practices are offered as 

adaption options for players to select (with an objective of reducing the overall hazard impacts). To 

efficiently integrate and store these modeling outputs, we developed an ETL (Extract, transform, load) 

script within the data layers to extract pre-run simulation results from eight models and transform these 

results into a look-up table that directly maps the reduction of the hazard effects based on player-selected 

practices. To create the look-up table, we structure the multi-domain simulation results using a graph data 

model, in which multi-domain models are depicted as “nodes” that contain model-specific information 

(e.g., model inputs, outputs, and metadata), and the connections between the different models are 

depicted as “edges”. This representation is adopted because graphs are used to solve many real-life 

problems and provides effective means for representing networks, and flows of information (Cormen et 

al. 2001). Compared with the use of traditional relational tables, a graph data model (as illustrated in 

Figure. 3) is more human-readable than a relational schema, as its edge represents the “real-world” 

relations between different models, making the model integration processes more maintainable. Besides, 

graphs also provide a flexible structure for ingesting additional environmental models as extra nodes, 

ensuring the extensibility of the gaming application for addressing additional watershed-related issues. 

After the model connections are defined through the graph, the ETL script (developed using PHP on the 

server-side) takes the graph as input and establishes direct mappings between the adaption options (used 

as model inputs) and the overall consequences of multiple water-related hazards (evaluated as final model 

outputs). These mappings are then stored as key-value pairs in a JSON (JavaScript Object Notation)-based 

look-table in the data layers, which can be easily accessed by the gaming application deployed at the front-

end without additional data transformation and query through a database. As the serious gaming 

application relies on pre-run modeling output, it is also necessary to provide the application with 

simulation results from quality models that have been calibrated and validated. 

The model integration process applied in the serious gaming application provides a systematic but 

simple way to store pre-run multi-domain modeling results and their relationships in a web environment, 

as well as to prepare these outputs in a structured manner (e.g., a lookup table) so that they can be readily 

used for supporting decisions and providing evaluative feedback to players in the form of a web-based 

serious game. This model integration process also offers a “plug-in/plug-out” fashion, through which 

models in the gaming application can be readily removed or replaced based on the needs of gameplay. In 

this regard, the gaming application is provided with the capability of ingesting additional simulation results 

that are either from the same set of 8 models (used for the MHT) applied to a new watershed, or from 

new models that cover additional aspects of watershed management in the same or other U.S regions. 

The model integration process used in the web-based gaming application can also be applied to other 

similar environmental domains for coupling multi-domain models.  
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Figure 3. Flow of multi-domain models in a graph representation. 

2.3.3 Scoring Process 

Within the serious gaming application, the scoring process is a critical component in the “Assessment” 

step (illustrated in Figure 1a), which entails two types of scores: technical scores and referee score. 

Evaluation metrics are developed for the Middle Cedar River basin to provide technical scores to each 

team based on the effectiveness of the team-selected adaptions in regards to hazards’ impact reduction. 

The technical score can be broken into three types of scores (economic, social and environmental), which 

collectively measure the performance of a player team’s decisions based on a set of evaluation metrics. 

During a serious game, within each turn, each player team will submit a watershed management strategy 

by selecting a combination of adaptation options that are provided by the pre-run modeling scenarios. 

Through the lookup tables (described in the previous section), the gaming application is able to estimate 

the overall hazard consequences based on the player-selected adaptions. To evaluate the performance of 

each player team, the gaming application compares the overall consequences that are resulted from the 

team-selected adaptions using the multi-domain evaluation metrics that measure the hazard impacts 

from three different planning aspects: (1) Environmental, (2) Economic, and (3) Social.  

As an example, there are four evaluation metrics developed for measuring economic impacts. For 

each metric, the gaming application first identifies the best outcome (represented by the optimal score) 

that can be achieved through the selection of the best watershed management strategy. Then, the overall 

hazard consequences (e.g., reduction of infrastructure damage) resulted from the player-selected 

adaptions (retrieved through the lookup table) are compared with the consequences that are resulted 

from the best watershed management strategy (within each metric) to calculate a percentile value, which 

is later converted to a normalized score (as shown in Figure 4). By summing up the score resulted from 

each metrics, a composite score will then be calculated for each of the three metric categories.  Overall, 

the technical score accounted for 60% of the total score and was divided into parts for the environmental 

score (20%), the economic score (20%), and the social score (20%), while the other 40% of each team total 

score was given through a referee score. Table 1 provides the definition of the evaluation metrics. From 

the system implementation perspective, these evaluation metrics are normalized and stored in data files 

that serve as the extensions of the lookup table (stores the modeling outputs). 

The referee score, also known as the participant score, is obtained from referees and other teams 

after the press release. The score is graded on a scale of 1 to 5 (1 = “Not Well at All” to 5 = “Very Well”) 

for each phase and turn is described in Section 2.2. The other teams and referees grade watershed 
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strategies based on the appropriateness of each team’s adaptation options (17.5% of total score), 

consideration of impacts and tradeoffs (17.5% of total score), and innovations (5% of total score).  

The team with the highest overall cumulative score (the technical score and the referee score) became 

the winner of that turn. The team with the highest cumulative average score of the four rounds won the 

tournament. Based on the score, players are able to learn how well they performed in reducing different 

categories of hazard impacts (environmental, economic, and social) through their selected adaptions. This 

feature renders the gaming application as an “expert” system that can provide model-driven evaluative 

feedback to support the selection of watershed management practices. During the scoring process, the 

user interfaces of the gaming application can also serve as a communication medium to collect the 

participant score from different referees and teams, and store the collected scores in an easy-to-access 

repository created for future knowledge-sharing purposes.  

 

 

 

Table 1. Evaluation metrics definitions 

Metric 
(Benchmark) 

Aspect Description 

Private 
Infrastructure 
Damages 

 
 
 
 
 
 
 
 
 
 
 
Economic 

This metric is a measure of damages to residential, commercial, and industrial structures 
and contents due to flood events. This metric accounts for the likelihood of experiencing 
a damaging event as well as the number of structures within the potential area of 
impact. The greater the number of structures and greater depth on structures the higher 
the damages. 

Critical 
Infrastructure 
Damages 

This metric is a measure of damages to critical infrastructure which the community relies 
on for sanitation, water, and power services. These critical facilities include waste water 
treatment, power plants, and water treatment. Minor flooding of these structures can 
result in major damages due to their significance in providing services to residents and 
businesses. 

Public 
Infrastructure 
Damages 

This metric is a measure of damages to public infrastructure which the community relies 
on for storm water management and transportation. This includes major roads, bridges 
and culverts. Flooding of roads and bridges can result in expensive repairs, operation and 
maintenance. 

Energy 
Production 
Damages 

This metric is a measure of the landscapes ability to produce energy. This includes corn 
fuel for ethanol production as well as river temperature relationship with power plant 
discharge temperatures. Lack of corn fuel could increase ethanol production costs and 
gas prices for consumers. Throttling back power plants during peak summer months to 
meet NPDES temperature conditions could result in rolling brown outs and major 
economic impacts to the energy sector. 

Municipal 
Water Supply 
Damages 

This metric is a measure of the City’s ability to provide water to residents and business of 
adequate quantity and quality to meet demand and regulatory standards for human 
health. Inability to meet demand for businesses may translate into major economic 
damages. 

Farm Income This metric is a measure of the market and conservation easement income that farmers 
may experience. Actions that significantly reduce the income of landowners are likely not 
to be implementable. 

Private 
Infrastructure 
Impacts 

Social This metric is a measure of the number of households and individuals that are impacted 
by a hazard. This metric also considers how many of these households and individuals 
are defined as a vulnerable population. Hazards that displace numerous homes and 
individuals creates problems with housing supply and in many cases increases poverty 
for vulnerable populations. 
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Critical 
infrastructure 
Impacts 

This metric is a measure of critical community facilities impacts by a hazard. These 
critical facilities include schools, hospitals, nursing homes, and police/fire stations. 
Impacts to these facilities impact public safety, and social well-being. 

Public 
Infrastructure 
Impacts 

This metric is a measure of the number of bridges, culverts and miles of major roads that 
are impacted. Impacts to road-ways can create increased stress and frustration due to 
detours, road closures and increased traffic density. 

Municipal 
Water Supply 
Impacts 

This metric is a measure of how often the residential and business water demand is 
unable to be met due to inadequate water quantity or water quality that is below the 10 
mg/L drinking water standard. Inability for the City to provide a reliable water source 
results in deteriorated trust with residents and businesses. 

Habitat 
Quality 

Environmental This metric is a measure of the relative health of the landscape for birds and other 
wildlife to meet their lifecycle needs (food, forage, and breeding). Decreased habitat 
quality impacts the landscapes ability to treat water, pollinate food, and many other 
services the ecosystem provides. 

Clean Water 
Act 
Compliance 

This metric is a measure of the number of days the stream is considered impaired and 
how many days the city and businesses are unable to operate within NPDES permits due 
to temperature or nutrient outflow. Inability to achieve NPDES permit requirements may 
result in environmental impacts such as major fish kills, and unsafe conditions for human 
contact with the river due to fecal coliforms and/or toxic algal blooms. 

 

 

Figure 4. An example of calculating economic score using a set of evaluation metrics. 

 

3. Web-based Serious Gaming 
3.1 Gameplay Training 
The practical use of a serious gaming approach requires its participants to have the appropriate context 
for the subject (Balsam and Tomie, 2014). As our application targets community users with different levels 
of knowledge and expertise, it is necessary to educate them on basic concepts of watershed systems, their 
related hydrologic processes, and on the hazards and risks that are at play. The gaming application offers 
interactive tools, such as a watershed search engine developed by the Iowa Flood Center that helps users 
trace the watercourse from its source to its mouth and determine a watershed’s boundaries (Figure 5a), 
and the implications of different planning alternatives (e.g., conservation management practices, 
retention ponds) on flood mitigation (see Figure 5b and 5c). Moreover, the serious gaming application 
provides access to water-related data resources in six domains (i.e., hydrology, geomorphology, water 
quality, meteorology, land & water habitats, and social-economic) to inform users about status and future 
of the watersheds from various water-related perspectives. These data resources include real-time sensor 
observations (e.g., Iowa Flood Center stream sensors, USGS streamflow, EPA STORET), and several state-
wide in-situ measurements (e.g., 2009 HRLC for land use & land cover, SSURGO for soil types and 
hydrologic soil group, national elevation datasets). Interactive visualizations of these data are provided 
through different interfaces as illustrated in Figure 5. 
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Figure 5. Data tools and visualizations for watershed education: a) watershed search engine, b) map of 

flood retention ponds and their impact on the peak flood reduction, c) results of distributed physical 

modeling visualized as maps (color-coded stream segments represent the percentage of flood peak 

reduction) and graphs, d) real-time sensor observations 

 

3.2 Gameplay Delivery 

During the Cedar Rapids Multi-Hazard Tournament, different actors (player teams, referees, and 

coordinators) were provided with internet-connected computers to access the collaborative environment 

through different user accounts (Figure 6). The application offers two types of accounts (i.e., player and 

administrator). Through the player account, the application renders a series of interfaces that direct 

players through the steps of the planning workflow (Figure 7a). The administrator account allows referees 

and coordinators to oversee the gameplay, calculate scores, and disseminate game results and feedback 

to players and observers (general public). At the beginning of the game, the player account provides player 

teams with options to either manage previous watershed plans or to create new plans and in the 

interactive tutorials published on the project website. Progression through the seven planning steps, 

illustrated in Figure 1a, is visually displayed as the work advances. Each of the planning steps has multiple 

sub-menus and interfaces (Muste et al., 2017). The work on the plans can be interrupted and continued 

at the pace of the user’s availability. Player teams can store data and information, share experiences, and 

manage the plans within the system using their accounts.  

a) b) 

c) d) 
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The core gameplay components consist of “Alternatives” and “Assessment” steps of the planning 

workflow illustrated in Figure 1a. Through the player account, the gaming application provides interfaces 

that allow players to assemble an integrated hazard mitigation strategy using best management practices 

deployed locally (“Localized Actions”) or within the watershed (“Watershed Actions”). This interface is the 

main means of interaction between players and the platform. Therefore, additional information and 

visualization on the maps are associated with the dynamic selection of the actions.  The selected practices 

can be used in multiple combinations to accommodate various hypothetical climate scenarios and budget 

limitations, which are constraints in the game-like environment (Figure 7b). The finalized plan is stored 

under the player’s account and submitted for evaluation during the “Assessment” step.  

 

 
Figure 6. Schematic of the collaborative environment/network for serious gaming  
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Figure 7. Workflows embedded in the application for player accounts: a) the gaming interface, b) the 
evaluation interfaces displaying the combined scored obtained by each team. 

a) 

b) 
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Figure 8. Assessment workflow for the administrator accounts: (a) displaying players’ selection and 

performances and (b) updating scores 

 

The game concludes with the “Assessment” step that is responsible for the scoring process of a game, 
which entails the technical scores and referee scores. The technical scores are pre-calculated for all 
potential combination of management alternatives that a play can select, and are canned into the 
evaluation metrics. The referee scores are entered into the database as the game progresses. Referees 

a) 

b) 
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and coordinators use the administrator account to review each player’s submission and performances 
(technical score) for different turns (see Figure 8a) and determine if a specific player on a team needs 
assistance. Referees can also give scores that evaluate each team based on conformity to the game rules 
during the tournament delivery (see Figure 8b) through the application. Finally, the system automatically 
generates a composite score (i.e., technical, public perception, and referees evaluation of the innovative 
aspects of the solution) for each team using normalization algorithms and presents an itemization of the 
scores that that is stored in each player’s account (Figure 7b). In this setting, the application ensures 
seamless and transparent interactions between players and referees during the gameplay. In the end, all 
the experience and knowledge created during this stage, including user information, selections and 
reasoning, and scores, are documented by the application for future analysis. 

Past Cedar Rapids MHTs were implemented using Excel-based applications deployed on desktop 
computers utilized for game coordination. The players’ practice selections, discussions, and feedbacks 
were all recorded as hardcopies and passed to moderators manually to sequentially introduce the data in 
the spreadsheet. There was no way to present, visualize, and share the game progression in real-time. In 
contrast, the developed web-based DSS provides automated gameplay that connects different actors 
through an open-access collaborative environment for better communication and social learning. The new 
application allows players to participate in the game remotely (e.g., players from other countries) through 
the internet and enables real-time interactions between players and referees. Since the application relies 
on the pre-run simulation outputs, there is no significant computational time to execute models. It only 
takes seconds to retrieve the modeling outputs and generate assessments for different gaming scenario 
and player-selected adaptions. If a player wants to explore the effectiveness of different adaption options 
regarding the reduction of the overall hazards’ effects, it only takes him/her few minutes to complete a 
game through the application and acquire the model-driven assessments. Moreover, the application can 
document players’ decisions and actions during the game in an independent database and share this 
information (experiences, knowledge, and feedbacks) with other stakeholders through the internet. 

 

4. Conclusion 

The IoWaDSS serious gaming application is a web-based tool that aims to enhance multi-jurisdictional 

decision support and end-to-end collaborative planning for multi-hazard mitigation. The implementation 

of a serious gaming approach requires a rethinking of the conventional structure and interfaces typically 

used in an Environmental DSS, since the participants are members of watershed communities who 

possess different skills and terminology than professional water resources managers and planners. The 

web-based IoWaDSS supported with a serious gaming component was capable of the following: a) 

integrating seamlessly a variety of disparate data of the watershed in a one-stop platform that can be 

used for public education; b) addressing simultaneously multiple water-related hazards using data 

available throughout the national datasets and freely available modeling results; c) attracting and 

engaging communities as game players in the decision-making process in a friendly, but competitive 

manner, and d) enhancing communication, social learning, and knowledge sharing between different 

watershed communities. The gaming application proved its unquestionable advantages over the previous 

mediums (e.g., board games, Excel-based applications) tested in the past MHTs (Carson et al, 2018). The 

web-platform provided the most comprehensive medium for delivering the three-decade-long efforts of 

the United States Army Corps of Engineers’ Shared Vision Planning to support the decision-making in 

water resources management for and with the local communities.  

From the cyberinfrastructure development perspective, the main contribution of our application is to 

provide an adaptive and generalizable framework that can potentially extend the serious gaming 

approach for mitigating multiple water-related hazards into other U.S. watersheds and regions. As an 
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example, within one month, the core system architecture of the present serious game, through minor 

modifications, was able to render another Multi-hazard Tournament to address watershed management 

issues in the San Antonio River Basin in Texas. Being built on widely available national databases, the 

framework is able to (1) organize the pre-run outputs from multi-domain models using a graph-based data 

structure and create effective lookup tables that help players estimate the overall hazard consequences 

resulted from the use of different adaptation options, and (2) evaluate players’ performances through a 

set of comprehensive evaluation metrics, and (3) render interactive gaming interfaces based on 

customized gaming rules and needs through the double-layer MVC system architecture. In terms of future 

developments, since the current application is relying on pre-run modeling results for pre-defined 

scenarios, the future application can be deployed onto HPC-powered real-time modeling system (similar 

to SWATshare) (Rajib et al., 2015) that can create new scenarios and provide model outputs (for 

evaluating players’ selection of watershed adaptions) on the fly. Subsequently, the developed gaming 

application can be further improved by allowing players to devise customized watershed management 

strategies that are not offered in the pre-run modeling scenarios.  

In summary, based on the past case studies (both the Iowa Middle Cedar MHT and the Texas MHT), 

the web-based implementation of the serious game shows good potentials to serve as an effective 

medium that is able to solve complex environmental management problems, in which different actors 

(e.g., technical experts, local managers and members of communities) have to be involved in the decision-

making process. The web-based gaming application also provides an effective problem-solving 

environment for sharing knowledge, experiences, and evaluative feedbacks, not only between different 

research groups but also between technical users and non-technical users, inspiring an innovative mode 

of engaging the general public in solving the complex environmental decision problems.  
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Table 1. Evaluation metrics definitions 

Metric 

(Benchmark) 

Aspect Description 

Private 

Infrastructure 

Damages 

 

 

 

 

 

 

 

 

 

 

 

Economic 

This metric is a measure of damages to residential, commercial, and industrial structures and 

contents due to flood events. This metric accounts for the likelihood of experiencing a damaging 

event as well as the number of structures within the potential area of impact. The greater the 

number of structures and greater depth on structures the higher the damages. 

Critical 

Infrastructure 

Damages 

This metric is a measure of damages to critical infrastructure which the community relies on for 

sanitation, water, and power services. These critical facilities include waste water treatment, 

power plants, and water treatment. Minor flooding of these structures can result in major 

damages due to their significance in providing services to residents and businesses. 

Public 

Infrastructure 

Damages 

This metric is a measure of damages to public infrastructure which the community relies on for 

storm water management and transportation. This includes major roads, bridges and culverts. 

Flooding of roads and bridges can result in expensive repairs, operation and maintenance. 

Energy 

Production 

Damages 

This metric is a measure of the landscapes ability to produce energy. This includes corn fuel for 

ethanol production as well as river temperature relationship with power plant discharge 

temperatures. Lack of corn fuel could increase ethanol production costs and gas prices for 

consumers. Throttling back power plants during peak summer months to meet NPDES 

temperature conditions could result in rolling brown outs and major economic impacts to the 

energy sector. 

Municipal 

Water Supply 

Damages 

This metric is a measure of the City’s ability to provide water to residents and business of 

adequate quantity and quality to meet demand and regulatory standards for human health. 

Inability to meet demand for businesses may translate into major economic damages. 

Farm Income This metric is a measure of the market and conservation easement income that farmers may 

experience. Actions that significantly reduce the income of landowners are likely not to be 

implementable. 

Private 

Infrastructure 

Impacts 

Social This metric is a measure of the number of households and individuals that are impacted by a 

hazard. This metric also considers how many of these households and individuals are defined as 

a vulnerable population. Hazards that displace numerous homes and individuals creates 

problems with housing supply and in many cases increases poverty for vulnerable populations. 

Critical 

infrastructure 

Impacts 

This metric is a measure of critical community facilities impacts by a hazard. These critical 

facilities include schools, hospitals, nursing homes, and police/fire stations. Impacts to these 

facilities impact public safety, and social well-being. 

Public 

Infrastructure 

Impacts 

This metric is a measure of the number of bridges, culverts and miles of major roads that are 

impacted. Impacts to road-ways can create increased stress and frustration due to detours, road 

closures and increased traffic density. 

Table
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Municipal 

Water Supply 

Impacts 

This metric is a measure of how often the residential and business water demand is unable to be 

met due to inadequate water quantity or water quality that is below the 10 mg/L drinking water 

standard. Inability for the City to provide a reliable water source results in deteriorated trust 

with residents and businesses. 

Habitat 

Quality 

Environmental This metric is a measure of the relative health of the landscape for birds and other wildlife to 

meet their lifecycle needs (food, forage, and breeding). Decreased habitat quality impacts the 

landscapes ability to treat water, pollinate food, and many other services the ecosystem 

provides. 

Clean Water 

Act 

Compliance 

This metric is a measure of the number of days the stream is considered impaired and how 

many days the city and businesses are unable to operate within NPDES permits due to 

temperature or nutrient outflow. Inability to achieve NPDES permit requirements may result in 

environmental impacts such as major fish kills, and unsafe conditions for human contact with 

the river due to fecal coliforms and/or toxic algal blooms. 
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