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Abstract: This article discusses the design, development, and usability assessment of a mobile sys- 9 

tem for producing hydrological predictions and sending flood warnings in response to the desire 10 

for human-centred technology to better the management of flood occurrences. Our work acts as a 11 

bibliographic reference for understanding what others have attempted and found and gives an in- 12 

tegrated set of recommendations. Furthermore, our guidelines offer guidance to aid in the design of 13 

mobile GIS-based hydrological models for mobile devices. We concentrate on the full design of a 14 

human-computer interaction framework for an effective flood prediction and warning system. In 15 

addition, we analyze and address the current user needs and requirements for building a user in- 16 

terface for mobile real-time flood forecasting in a methodical manner. Although a functional proto- 17 

type was created, the primary objective of this research was to comprehend the complexity of pos- 18 

sible users' demands and actual use situations in order to solve the problem of comparable systems 19 

being difficult to use. After consulting with possible consumers, application design standards were 20 

established and implemented in the initial prototype. Focusing on user demands and attitudes, spe- 21 

cial consideration was given to the usability of the mobile interface. To develop the application, a 22 

variety of assessment methods are added. The conclusion of the examination was that the system is 23 

efficient and effective. 24 

Keywords: Human-Computer Interaction; HCI; usability Studies; Mobile App; Flood forecasting; 25 

Real Time Flood Forecasting and Warning. 26 

 27 

1. Introduction 28 

Floods are one of the natural dangers that pose a direct threat to the civilian population, 29 

routinely inflicting severe property damage and claiming a large number of lives. In re- 30 

cent decades, flooding has caused far more damage. There is a considerable likelihood 31 

that this trend will continue and that the severity of floods will continue to grow [1]. This 32 

is mostly due to the rise in localized, short-term flood occurrences. Through forecasting 33 

and early warning systems, disaster relief personnel and the affected population must be 34 

reliably and promptly alerted to impending dangers in order to mitigate the destructive 35 

effects of flooding and to take targeted preventive measures. 36 

Models of hydrological and hydraulic forecasting serve as the foundation for disaster re- 37 

lief decision-making. However, model-based flood forecasts are often unclear and prone 38 

to inaccuracy. This is due to model and precipitation prediction uncertainty, as well as 39 

insufficient temporal and geographical hydrological input factors. Predictions are partic- 40 

ularly challenging for smaller bodies of water because of the very rapid reactions of the 41 

basin, providing little time for warning. Frequently, there have been inadequate official 42 

statistics for these rare circumstances. However, new information, such as more water 43 
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level measurements along a river, may be utilized to expand these essential data sets and 44 

update the prediction models in order to minimize forecasting uncertainty. Through mo- 45 

bile crowdsourcing and sensing [2], such extra hydrological data may also be freely cap- 46 

tured and shared by people using the sensors in their own devices (e.g., cellphones, tab- 47 

lets, etc.). These location-specific data are often referred to as Volunteered Geographic 48 

Information (VGI) data [2]. By adding VGI data, the quantity of geographical and tem- 49 

poral input data for prediction models may be enhanced, hence lowering uncertainty and 50 

enhancing the flood forecasting systems' predictions. Involving the people in the process 51 

also increases awareness of flood risks, and individuals may actively contribute to im- 52 

proving flood predictions and minimizing flood damage [3]. 53 

The purpose of this research is to examine if Human-Computer Interaction (HCI) may 54 

enhance the usability of Geographic Information Systems (GIS) and hydrological model- 55 

ing on mobile devices. The paper presents the development of a real-time flood forecast- 56 

ing and warning system which combines a Geographic Information System (GIS) with 57 

dynamic hydrological modeling with a focus on the user experience side of the end prod- 58 

uct. The key aim of the work was to examine the design and evaluation process, which 59 

started with gathering a very broad set of requirements based on users' needs and tech- 60 

nical possibilities and then proceeded to create a user-friendly prototype based on those 61 

requirements. The process was applied to an area where the user interfaces are typically 62 

difficult to use and involved groups of users with diverse levels of knowledge, technical 63 

capabilities, and backgrounds. The entire work deals with three core research questions. 64 

RQ1 What framework can be used to comprehensively design a logical data-gathering 65 

workflow for effective flood prediction and warning systems in terms of human-computer 66 

interaction? 67 

RQ2 How can we systematically investigate and approach the current user need and re- 68 

quirements pertaining to designing a user interface for mobile real-time flood forecasting? 69 

RQ3 How can we evaluate user feedback in light of the various app development stages 70 

to better comprehend human-computer interaction? 71 

The rest of the paper is organized as follows. In section 2, the related work, along with the 72 

core contributions of this work, has been discussed. Section 3 presents the proposed 73 

framework answering RQ1. Section 4 introduces the user needs and requirements, an- 74 

swering RQ2. Usability evaluation with app prototype is presented in section 5, answering 75 

RQ 3. Finally, a conclusion with future recommendations is presented in section 6. 76 

2. Related Works 77 

Human–computer interaction research is essential for enhancing the performance of 78 

computer systems [1]. The science of human-computer interaction (HCI) must address 79 

new problems as individuals are increasingly seen as active agents and not just as collec- 80 

tions of properties of cognitive processors. As the actual usage of computer systems over 81 

time becomes a concern and the objective of design switches from building single-user 82 

systems to designing systems that allow groups of people to collaborate, it is vital to con- 83 

centrate on human-computer interaction. HCI practitioners sense the need for tools that 84 

will allow them to study the interaction that the systems they create support and organize. 85 

In summary, there is a growing consensus that a deeper understanding of context is nec- 86 

essary. Activity theory might potentially fill this hole. Activity theory is a framework that 87 

may assist designers and researchers in asking the proper questions to address compli- 88 

cated issues, but it does not provide a ready-made answer [4]. This is in contrast to con- 89 

ventional theories that serve as prediction models. Activity theory resembles metatheory 90 

more than predictive theory [4]. Activity theory has been applied to HCI by many 91 
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researchers in many fields [5]-[7]. Subject-object interaction is a notion from activity theory 92 

that resembles human-computer interaction. However, it is difficult to apply this ap- 93 

proach to comprehend how individuals utilize interactive technology. Computers are of- 94 

ten not objects of activity but rather artifacts that facilitate interaction. In other words, 95 

human interaction with the world is mediated by computers. The hierarchical organiza- 96 

tion of human activity is another idea. Frequently, the usage of a computer (or other tech- 97 

nology) occurs at the operational layer, and it is required to tie such operational features 98 

to higher levels, such as significant objectives and the requirements and motivations of 99 

technology users. Similarly, in scenario-based design, the usage of a future system is out- 100 

lined in detail early in the development process [8]. Then, narrative descriptions of antic- 101 

ipated use episodes are used in a number of ways to influence the construction of the 102 

system that would facilitate these usage experiences. Similar to other user-centered tech- 103 

niques, scenario-based design shifts the emphasis of design work from specifying system 104 

functions to describing how individuals would use a system to complete work tasks and 105 

other activities. In contrast to methods that examine human behavior and experience via 106 

formal analysis and modeling of well-defined tasks, scenario-based design is a very light- 107 

weight tool for imagining future usage possibilities. An interaction scenario with the user 108 

is a sketch of usage [9]. In the same way that a two-dimensional, paper-and-pencil draw- 109 

ing captures the essence of a physical design, interaction design wireframes are meant to 110 

vividly represent the essence of an interaction design [10]. There have been many cases of 111 

using these approaches in terms of human-computer interaction and flood prediction and 112 

warning systems [11]- [15]. The use of different technologies in order to accomplish this is 113 

another important task. A lot of working factors are important here.  114 

Firstly, improving user–machine interactions for flood prediction and warning sys- 115 

tems is difficult because flood information systems must operate in real-time to facilitate 116 

coordination among flood agencies, organizations, and affected citizens [3] and because 117 

predictive environmental sensor networks cover large geographical regions of interest 118 

and support multiple sensor types to detect relevant phenomena [17]. Moreover, GIS user 119 

interfaces are often developed without consideration for accessibility or the specific de- 120 

mands of crisis managers who are required to make choices under stressful emergency 121 

settings [1]. Although collaborative decision-making based on geographic data is essential 122 

to the management of emergency situations, GISs are not built to handle several users 123 

concurrently [18]. In recent years, Nivala et al. [19] have documented several initiatives to 124 

enhance the user experience of flood prediction and warning systems, with an emphasis 125 

on GIS. GIS user interfaces are often difficult to use, which can reduce the effectiveness of 126 

emergency management. Kadlec et al. argued for the importance of usability studies for 127 

improving them and proposed HydroDesktop, an open-source GIS application with fea- 128 

tures designed to improve the user experience: spatial and temporal filtering and interpo- 129 

lation, simultaneous graph and map display, and spatial features linked to time-aggre- 130 

gated observation data [20].  131 

Large interactive surfaces have been shown to improve collaborative decision-mak- 132 

ing. Döweling et al. proposed an interactive tabletop system to improve collaborative sit- 133 

uation analysis and planning [21]. Döweling et al. showed its effectiveness in a contrasting 134 

study where 30 participants were tasked with improving the efficacy of crisis manage- 135 

ment through utilizing the tabletop system, traditional paper maps, and a basic desktop 136 

GIS program. The tabletop system made users more efficient, and they considered it a 137 

superior user experience conducive to teamwork. Resch and Zimmer analyzed the appli- 138 

cation potential for a "map-based geo-portals user-experience perspective" to address the 139 

incompatibility between different approaches to design and usability [22]. They con- 140 

cluded that standardizing "the user-experience design of map-based geo-portals" is an 141 

important way of improving their effectiveness. 142 

 143 

The importance of human interaction in effective flood prediction and warning sys- 144 

tems has also been shown by Kushwaha et al. [23] and Mosavi et al. [24], who conducted 145 
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a usability analysis of weather forecast data sent from the National Centre for Medium- 146 

Range Weather Forecasting (NCMRWF) in Noida, India, to the agro-meteorological field 147 

unit Pantnagar. Feedback from Pantnagar to NCMRWF helped produce accurate weather 148 

forecasts, equipping farmers to improve their production. Increased usability could fur- 149 

ther improve coordination between the two units and hence farmers' ability to make in- 150 

formed decisions. The new version of the real-time Global Flood Monitoring System 151 

(GFMS), powered by multi-satellite rainfall analysis of the Tropical Rainfall Measuring 152 

Mission (TRMM), is an important innovation in flood prevention. It supports larger af- 153 

fected areas and longer flood durations [25]. 154 

Although significant work has been done in these sectors, there is still a considerable 155 

gap in the proper approach framework, data gathering, and evaluation processes espe- 156 

cially pertaining to flood prediction and warning systems. This article introduces and 157 

unique angle of utilizing the different frameworks for optimum outcomes. The research 158 

also suggests that risk management can be made more effective by incorporating human– 159 

computer interaction principles into the design of flood prediction and warning systems. 160 

Real-time forecasting systems and improving the usability of the GIS interface are im- 161 

portant steps in this process which will be highlighted in the study with design principles, 162 

actual prototype development, and user feedback. 163 

3. Framework Approach RQ1 164 

In section 2, we discussed the different approaches toward understanding user needs 165 

based on human-computer interaction. The Activity Theory was chosen as a framework 166 

for understanding the complexity of potential users' needs to guide the development of 167 

the application for this work. The key advantage of the theory is understanding the full 168 

context of the use of an application (which helps in making an application accepted by 169 

users) which is critical in this situation because comprehension and acceptance of the 170 

product by end-users are strongly correlated with security and life-saving measures. An 171 

example of a situation where an existing system did not work to its full potential was 172 

Mauritius Meteorological 173 

Service was able to reach 10% of people before the tsunami, and only 42% of citizens 174 

knew about the warning system after the disaster. In addition, 64% of people continued 175 

their everyday life, and 15% did the opposite of what was recommended [29]. 176 

 177 

 178 

 179 

 180 

 181 

 182 

    Figure 1.  Engeström's expanded model of an activity system 183 

Clemmensen et al. show that Activity Theory is well adapted for both social issues and 184 

the design of computer-based products [33], which is exactly what is needed for a flood 185 

forecasting application. Therefore, the theory was chosen as a framework, and its potential 186 

for creating such applications was further examined by this research project. The theory 187 

deals with the activity itself (driven by its motive), the action required for an activity, and 188 

the actual operations and conditions required to achieve a specific goal [21 – 24]. As shown 189 

in figure 1, the concept contains the following elements: subject (an actor engaged in an 190 

activity), object (the intention at which an activity is directed), tools (used by the subject 191 
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to achieve the object), rules (guidelines, conventions, norms applied during an activity), 192 

division of labour (a division of activities among actors) and community (other actors and 193 

the social environment) [25]. When an activity takes place, relationships are formed and 194 

developed among all these elements. The main characteristics of activity theory are object- 195 

oriented, a hierarchical structure of activity, internalization and externalization, media- 196 

tion, and development. Therefore, activity theory supports the description of complex 197 

systems with composite relations. The literature review highlighted the potential of activ- 198 

ity theory for understanding users' needs: it helps in understanding the tasks that people 199 

are engaged in as part of an activity, their goals and how they achieve them, the reasons 200 

behind specific tasks, the meaning of the tasks for them, interactions with other people to 201 

complete their tasks, the roles of society and people's immediate environment in their 202 

performance, and, finally, what tools or instruments people use to attain their goals. Such 203 

complex understanding is essential for designing a novel system and ensuring its usabil- 204 

ity. Furthermore, the scenario-based design (SBD) approach was used as a tool for apply- 205 

ing this framework. Scenarios describe the anticipated use of the system and allow de- 206 

signers to understand user interactions and needs [39, 40]. A scenario describes a typical 207 

usage situation and mentions the actors involved and the relationships between them, 208 

their goals, actions, and objects. Analyzing scenarios allows the expanded activity theory 209 

diagram to be filled in since the elements of activity are either covered in a scenario or can 210 

be gathered by discussing it. Brainstorming was used to generate scenarios since it is a 211 

common method and has been adopted by many researchers in the information design 212 

field [41 – 47] and beyond. Since research has proven that individual brainstorming gen- 213 

erates more ideas than group brainstorming [48, 49], the nominal group technique, pro- 214 

posed by Delbecq and Van de Ven [50] and illustrated procedurally by Sample [51], was 215 

used. 216 

Based on the discussions above, we developed a framework for a real-time flood predic- 217 

tion and warning system through a mobile device. In terms of the capabilities of the sys- 218 

tem, it should be practical and applicable to a wide variety of watershed scenarios. It 219 

should be ensured that critical data about rainfall can be uploaded and is available to view 220 

and analyze in real-time [23, 24]. The paper is focused on users and their tasks as early as 221 

possible in order to understand the users' needs as well as their expectations and mental 222 

models. In this regard, knowing the procedure of data collection and system components 223 

is crucial.  224 

A. Data Collection  225 

Before starting a discussion of the design, development, and evaluation of the interface 226 

used to produce the interface guidelines, we need to briefly explain the architecture of the 227 

flood prediction and warning system. Data capture imposes both hardware and software 228 

requirements. It requires specialized manual mechanisms such as automated data loggers 229 

(for collecting climate and hydrologic data), as well as rain gauges and specialized field 230 

computers for inputting data and writing to the database. Servers are also needed to store 231 

the data, and wireless modems to transmit the data inputted from the field and onto a 232 

storage server. The collected data is downloaded to a database simply by utilizing File 233 

Transfer Protocol (FTP), capturing it in almost real-time. The GIS model can immediately 234 

access and analyse. The software required is to convert data to compatible structures for 235 

the database architecture and to validate data before it enters the system. The data-collec- 236 

tion configuration is shown in figure 2. 237 
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                          Figure 2.  Project Architecture 247 

B. System Components 248 

The system comprises the following components: Hydrological model – written in Java, 249 

ArcGIS, Server-side PHP scripts – manage data from a mobile handset, Client-side – writ- 250 

ten in Java (mobile), MySQL database, and a Graphic tool. Most GISs do not easily support 251 

dynamic models because dynamic models were intended for querying and maintaining a 252 

static database. They do not explicitly support storage or analysis of dynamic phenomena 253 

or efficient iteration over time [63]. Therefore, integrating a dynamic model with existing 254 

systems requires the capability to receive and continuously process data and transfer the 255 

output data to the existing database.  256 

The system incorporates a unique hydrological model incorporating a quantitative de- 257 

scription and understanding of the processes. The details of this model are outside the 258 

scope of this paper. A similar model has already been developed and was used within an 259 

"offline spatial decision-support system for the MODULUS project" [26, 27]. The model 260 

was selected because it utilizes a simple data-lean system, which has already been applied 261 

on a regional scale for hydrological purposes. Many other hydrological models were avail- 262 

able, but none had the same simplicity of purpose and knowledge acquired through the 263 

previous application. It is also available in-house and can, therefore, be accessed at a min- 264 

imal cost. It provides accessible resources to support the project. 265 

The dynamic modeling unit runs as a background process that applies hydrological anal- 266 

ysis to the incoming data and returns the results, which can be spatial or non-spatial var- 267 

iables, such as rainfall or soil moisture. 268 

4. Systematic Investigation and Methodology RQ2 269 

This section discusses the logical sequence of steps taken in order to build flood prediction 270 

and warning applications. We discuss the reasonings and justify our methodology. Fur- 271 

thermore, we introduce different design principles derived from the systematic investiga- 272 

tion.  273 

A. Research Process 274 

The objective of the first stage of the research process was to gain valuable insights into 275 

(a) how potential users would interact with such applications, (b) what technical con- 276 

straints should be considered during application design, and (c) how to transform these 277 

insights into actionable starting points for developing and testing the application. To 278 

achieve these objectives, we used professional reviews. Participating in the research were 279 

five possible (representative) users and five experts (a software developer, a software de- 280 

signer, a business analyst, and two GIS specialists). Participants varied in demographics 281 
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(occupation, age, gender) and experience with mobile applications and weather-oriented 282 

systems (excluding those who are completely unfamiliar), and included individuals with 283 

relevant expertise; for instance, GIS experts and software developers can comment on the 284 

technical viability of proposed scenarios, a designer can offer design-related insights, etc. 285 

After being randomly separated into two groups (using the nominal group approach), 286 

participants were asked to generate use cases for the proposed mobile real-time flood 287 

forecasting and warning system based on their experiences and requirements. The ideas 288 

were conveyed as written scenarios and documented on a whiteboard, and group mem- 289 

bers may ask for clarification without critiquing ideas, which stimulated debate and the 290 

development of new situations. The groups and the situations were then pooled for sce- 291 

nario assessment. 63 situations have been found. Twenty-two of the potential scenarios 292 

were immediately rejected as being beyond the scope of the research. Each participant 293 

anonymously scored the situations on a 10-point scale depending on how significant and 294 

worthwhile they deemed each scenario to be. Based on these point totals, twelve scenarios 295 

(those with at least 50 percent of available points) were chosen. Table 1 outlines the situa- 296 

tions that have been chosen. However, such circumstances did not occur. To complete the 297 

activity theory triangle, the participants and two user experience researchers dissected the 298 

highest-rated scenarios into instruments, subjects, objects, rules, communities, and divi- 299 

sions of labor, and then constructed the expanded activity theory graphic. The research 300 

team then studied the activity theory diagram and extracted needs from it. From the study 301 

and discussions, a list of design principles (generic guidelines and considerations) and 302 

design criteria (more detailed needs) was compiled. 303 

Table 1.  Selected Scenarios 304 

Rank Scenario Points 

1 The city authority is notified by the local weather station that there is an increased likelihood of 

flood in the next two days. Combining statistical data about precipitation and terrain elevation 

models, the system informs the weather station and the local authority about the risk of a likely 

upcoming flood.  

105 

2 Martin is one of the officers in weather station X, which is connected with the system infrastructure; 

he noticed a change in the precipitation and moisture levels, so he uses the system to update the 

current values. 

98 

3 Alice has just moved to a town, and she is quite curious to find out what the weather conditions 

(e.g. rainfall), are in this town. So, she uses the system to view historical data of such characteristics. 

94 

4 Bob wants to travel to London this weekend, but he doesn't know the weather and the likelihood 

of rainfall, and other weather parameters, so he uses the application to get the desired information. 

93 

5 Since the system provides information about rainfall, precipitation, moisture, and so on, it would 

be extremely helpful for Bob, a farmer, in order to help him pick the best dates to plant his 

vegetables. 

87 

6 Bob uses the application in order to get notified when the likelihood of flooding in the various 

places he has entered is high, in order to take the actions required to address the threat and 

safeguard his properties. A quick guide on how to address the threat of flooding would be 

extremely beneficial.  

78 
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7 The stored data has been lost or is inaccurate, and hence the system administrator enters the system 

to manage, check and restore the data, (e.g., pluviometric data and digital elevation models of the 

monitored areas). 

73 

8 Alice uses the user friendly web interface of the application to upload some data about the location 

she currently lives, and keep the community aware of the new facts. However, Martin, the weather 

station officer, should first check and then activate the given data. 

69 

9 The system has been out of service, but the administration team works on the network, database 

and security of the system to put it back online in a few minutes, ensuring the proper functionality 

of the system. 

68 

10 The local authority and the local weather stations record the floods of the previous years and 

evaluate the risky periods and locations. They produce a guide informing the citizens about the 

threat of flooding and what they should do to be better prepared. 

64 

11 In order to find the best place and date frame to cultivate his favorite fruit, Bob uses the application 

to compare different locations at different periods of time. 

64 

12 The textual information is too chaotic/confusing for Alice. She would definitely prefer to view the 

data visualized in charts or graphs. 

61 

B. Human-Computer Interaction for purpose-driven app development 305 

The main subjects are, as expected, front-end users wanting to view a range of weather 306 

data, weather station users, and administrators who update and maintain the data. Re- 307 

quirements emerged for roles and access and modification rights, as well as a general re- 308 

quirement to provide different user-interfaces for the roles.  309 

As for objects, objectives for each role were identified, including updating the data accu- 310 

rately and informing authorities about upcoming severe weather events for weather sta- 311 

tion users, getting information about pluviometric data and flooding conditions (with 312 

more specific objectives such as viewing historical data and performing a rainfall predic- 313 

tion) for front-end users, and maintaining the system and ensuring data integrity for ad- 314 

ministrators. Corresponding design requirements were listed. 315 

 316 

          Figure 3.  Some of the designed prototype screens for front-end users 317 

 318 
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As for objects, objectives for each role were identified, including updating the data accu- 319 

rately and informing authorities about upcoming severe weather events for weather sta- 320 

tion users, getting information about pluviometric data and flooding conditions (with 321 

more specific objectives such as viewing historical data and performing a rainfall predic- 322 

tion) for front-end users, and maintaining the system and ensuring data integrity for ad- 323 

ministrators. Corresponding design requirements were listed. 324 

As for objects, objectives for each role were identified, including updating the data accu- 325 

rately and informing authorities about upcoming severe weather events for weather sta- 326 

tion users, getting information about pluviometric data and flooding conditions (with 327 

more specific objectives such as viewing historical data and performing a rainfall predic- 328 

tion) for front-end users, and maintaining the system and ensuring data integrity for ad- 329 

ministrators. Corresponding design requirements were listed. 330 

In terms of community, administrators are members of the administrative team, which 331 

communicates with the weather-station users. Each user of a local weather station is a 332 

member of the local station community and of the national station community, which 333 

supports all the local weather stations. The front-end users, who are the majority of the 334 

system's users, share information and experience with each other, with the weather-sta- 335 

tion users, and with people who do not currently use the system. They might also update 336 

the system with new data or notify the system moderators about an error state. This es- 337 

tablishes requirements for effective collaboration between the groups, as well as require- 338 

ments for adding users, getting notifications about new data being added to the system, 339 

etc. 340 

Regarding the instruments, various tools and resources are required to accomplish the 341 

objectives. Firstly, a user panel is needed, presenting multiple settings and configuration 342 

tools to the users depending on their role, for example, global display and network set- 343 

tings and various role-specific settings such as data handling tools for reviewing incoming 344 

information for weather station users. Front-end users need various tools for viewing the 345 

information, e.g., pluviometry queries to answer questions such as "When was the last 346 

flood event in Bristol?"; meaningful presentation of spatial data, e.g., geographic charac- 347 

teristics and features of the selected location; ways of viewing and comparing historical 348 

data and making basic predictions; and data visualization – text, diagrams, icons, and 349 

maps to help users understand the information. All this needs to be provided in a user- 350 

friendly way.  351 

As for the division of labour, various roles are essential: maintenance personnel and phys- 352 

ical and digital security personnel for the server where the data is stored, audit experts, 353 

system logs analysts, network administrators, database administrators, data entry person- 354 

nel, and personnel responsible for maintaining data collection devices. Internet service 355 

providers and energy suppliers are also important for the smooth running of the applica- 356 

tion. Additionally, hydrology and GIS experts are needed to create a help section to show 357 

users how to conduct data analysis. All this stipulates requirements related to accurate 358 

data storage and transmission among the system's users, integrity, maintenance, and se- 359 

curity actions and implementation of support mechanisms. 360 

When it comes to rules, weather station users will have to follow specific rules and proce- 361 

dures to keep the system up to date and notify the administrator about the changes. The 362 

administrators should also follow the rules and procedures to maintain the system and 363 

ensure the integrity of the data and the efficiency and performance of the system. Some 364 

social and other norms should be followed when users seek additional information or 365 

help to contact other people or web services. The corresponding requirements include that 366 

rules and regulations should be thoroughly described in a technical report document and 367 
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that the system should provide the system administrators with tools to define the rules 368 

for performing a search. 369 

 370 
C. Design Principles 371 

The investigated outcome was turned into a list of design principles that should 372 

guide the design and functionality of the application. The nature of the identified design 373 

principles is different from well-known heuristic guidelines such as from Nielsen, Nor- 374 

man, Baker, etc., which are well-referenced in HCI research because our design principles 375 

are specific to real-time weather and flood warning systems instead of being general usa- 376 

bility heuristics; also, they also focus on functionality instead of focusing mainly on usa- 377 

bility. The design principles are as follows: 378 

1. The users should be divided into groups with discrete rights and responsibili- 379 

ties, depending on their roles. The three main user groups are the front-end users, the 380 

weather-station users, and the administrators. 381 

2. The system should provide information about pluviometric data and DEMs of 382 

the various monitored areas. 383 

3. The weather-station users should be able to manage data periodically and ef- 384 

fortlessly, either automatically or manually, over their network channel. They should also 385 

be able to communicate with local authorities easily and quickly. 386 

4. Administrators should be able to maintain the system and ensure the integrity 387 

of the data and the efficiency and performance of the system. 388 

5. The front-end users should be able to provide and get information about plu- 389 

viometric data (rainfall measurement) through sophisticated filtering mechanisms. 390 

6. The system should provide mechanisms to support communication between 391 

the different user groups and collaboration within these groups. 392 

7. A user panel should be used to facilitate user objectives, supporting different 393 

levels of abstraction and taking into consideration the different user roles and rights. 394 

8. The system should provide its users with meaningful, detailed pluviometric 395 

data after a request is performed, which should support sophisticated filtering and ad- 396 

vanced search features. 397 

9. The system should provide spatial and non-spatial data with statistical pluvi- 398 

ometric data. 399 

10. The users should be able to view historical data and filter it under various con- 400 

ditions, also getting information about the available samples. 401 

11. Data should be properly displayed and visualized, when needed, with the use 402 

of diagrammatic conventions and icons, along with textual information, ensuring usabil- 403 

ity and accessibility. 404 

12. The system data should be stored and transmitted accurately and with integ- 405 

rity among the system users, implementing supportive mechanisms. 406 

13. A set of rules and relegations should be applied to the system to ensure its 407 

usability, functionality, operability, accessibility and security. This set is defined by tech- 408 

nological and user-experience factors. 409 

These design principles are also presented in Table 2. 410 

 411 

Table 2.  Design Principles 412 
DP1 The users should be divided into groups with discrete rights and responsibilities, 

depending on their roles. The three main user groups are the front-end users, the 
weather-station users and the administrators. 

DP2 The system should provide information about pluviometric data and DEMs of the 
various monitored areas. 
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DP3 The weather-station users should be able to manage data periodically and 
effortlessly, either automatically or manually, over their network channel. They 
should also be able to communicate with local authorities easily and quickly. 

DP4 Administrators should be able to maintain the system and ensure the integrity of the 
data and the efficiency and performance of the system. 

DP5 The front-end users should be able to provide and get information about 
pluviometric data through sophisticated filtering mechanisms.  

DP6 The system should provide mechanisms to support the communication between the 
different user groups and collaboration within these groups. 

DP7 A user panel should be used to facilitate user objectives, supporting different levels 
of abstraction and taking into consideration the different user roles and rights.  

DP8 The system should provide its users with meaningful pluviometric data of high 
detail after a request is performed, which should support sophisticated filtering and 
advanced search features. 

DP9 The system should provide spatial and non-spatial data with statistical pluviometric 
data. 

DP10 The users should be able to view historical data and filter it under various 
conditions, also getting information about the available samples. 

DP11 Data should be properly displayed and visualized, when needed, with the use of 
diagrammatic conventions and icons, along with textual information, ensuring 
usability and accessibility. 

DP12 The system data should be stored and transmitted accurately and with integrity 
among the system users, implementing supportive mechanisms.  

DP13 A set of rules and relegations should be applied to the system, to ensure its usability, 
functionality, operability, accessibility and security. This set is defined by 
technological and user-experience factors. 

 413 

D. Design Requirements 414 

On top of the design principles, we also identified 87 design requirements (Table 3) which 415 

aimed to provide more precise starting points for designing the prototype. Both design 416 

principles and design requirements emerged from analyzing the scenarios, detailed dis- 417 

cussions, and team members' expertise; the difference between the two is that design prin- 418 

ciples are broad enough to be reusable and guiding, while design requirements are more 419 

specific and actionable. As an example, for the first design principle, "The users should be 420 

divided into groups with discrete rights and responsibilities, depending on their roles. 421 

The three main user groups are the front-end users, the weather-station users, and the 422 

administrators" the design requirements are "The system supports three user roles: front- 423 

end users, weather-station users, and administrators"; "Each role has discrete ac- 424 

cess/view/write rights in the system"; "For different roles, different user-interface layouts 425 

are supported" and "A log-in and log-out mechanism should be supported" – design re- 426 

quirements focus on the actual functionality and the ways of implementing design prin- 427 

ciples based on the expertise of participants.   428 

Overall, using scenarios as starting points and then analyzing them in terms of elements 429 

of the activity theory proved to be effective in learning about less obvious aspects of how 430 

the system could be used; the process of the analysis encouraged a long and detailed dis- 431 

cussion where the perspectives of regular potential users, technical constraints and sug- 432 

gestions from experts were discussed at the same time. Involving both experts and poten- 433 

tial users allowed a multifaceted discussion and enabled the evaluation of what would be 434 
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realistic in terms of the design. It enabled the researchers to critically evaluate the pro- 435 

posed ideas, looking at them from more than one person's perspective. This knowledge 436 

made the process of deriving requirements from activity theory diagrams much simpler. 437 
 438 

 439 
Table 3. The original design requirement 440 

# Description Source Design 
Principle 

User Type 

DR1 The system supports three user roles: front-end 
users, weather-station users and administrators. 

DP1 All users 

DR2 Each role has discrete access/view/write rights in 
the system. 

DP1 All users 

DR3 For different roles, different user-interface 
layouts are supported. 

DP1 All users 

DR4 A log-in and log-out mechanism should be 
supported. 

DP1 All users 

DR5 The system should answer questions related to 
pluviometric data and DEMs of each monitored 
area. 

DP2 All users 

DR6 The weather-station users should be able to 
update data periodically, either automatically or 
manually, over their network channel. 

DP3 Weather-station users 

DR7 The weather-station users should be able to 
update data, either automatically or manually, 
over their network channel. 

DP3 Weather-station users 

DR8 The system should provide communication 
mechanisms (e.g., text-based, messaging, quick-
call actions) to support the communication 
between weather-station users and local 
authorities. 

DP3 Weather-station users 

DR9 Administrators should be able to have full access 
to the system. 

DP4 Administrators 

DR10 Administrators should be able to maintain and 
modify the system functions, users and roles. 

DP4 Administrators 

DR11 Administrators should ensure the integrity and 
security of the data provided in the system. 

DP4 Administrators 

DR12  Administrators should keep the performance, 
efficiency and reliability of the system at the 
highest level. 

DP4 Administrators 

DR13 Front-end users should be able to provide 
pluviometric information to the system, which 
should be moderated first. 

DP5 Front-end users 

DR14 Front-end users should be able to view historical 
pluviometric data. 

DP5 Front-end users 

DR15 Front-end users should be able to search for 
pluviometric data using filtering mechanisms of 
various conditions. 

DP5 Front-end users 

DR16 Front-end users should be able to get information 
about available samples. 

DP5 Front-end users 

DR17 The system should support a communication 
channel among all user types. 

DP6 All users 

DR18 Weather-station users should be notified when a 
change is made regarding the data they manage. 

DP6 Weather-station users 

DR19 Weather-station users should be able to approve 
or reject system states regarding pluviometric 
data (e.g. verify data received from front-end 
users). 

DP6 Weather-station users 

DR20 Weather-station users should be able to add users 
and assign them local weather-station rights. 

DP6 Weather-station users 

DR21 Weather-station users should be able to 
collaborate to manage pluviometric data of 
common interest. 

DP6 Weather-station users 

DR22 Administrators should be notified when new 
users or data have been added into the system. 

DP6 Administrators 

DR23 Administrators should be able to manage users' 
rights and roles. 

DP6 Administrators 

DR24 Administrators should be able to communicate 
with weather-station users regarding the 
management of system functions. 

DP6 Administrators 

DR25 Front-end users should be able to share 
information with the community. 

DP6 Front-end users 

DR26 Front-end users should be able to notify 
administrators of system errors. 

DP6 Front-end users 

DR27 All functions supported for each user type 
should be provided via the user panel tool. 

DP7 All users 

DR28 The functions provided by the user panel should 
be implemented through a web interface. 

DP7 All users 

DR29 The users should be able to manage their profile 
through the user panel. 

DP7 All users 

DR30 The user panel should allow the weather-station 
users to upload weather data related to their 
authorized areas. 

DP7 Weather-station users 
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DR31 The user panel should provide notification 
messages to weather-station users when weather 
data is uploaded by front-end users or other 
weather-station users. 

DP7 Weather-station users 

DR32 The user panel should provide weather-station 
users with weather data management tools. 

DP7 Weather-station users 

DR33 An API should be provided to the weather-
station users. 

DP7 Weather-station users 

DR34 Through the API, the weather-station users 
should be able to push and pull information 
regarding the date, the map, the location (of the 
weather station), time range, time series analysis 
and sophisticated queries regarding a list of 
events. 

DP7 Weather-station users 

DR35 The user panel should provide the 
administrators with tools to check and fix issues 
critical to system performance, security and 
operation. 

DP7 Administrators 

DR36 The user panel should provide accounts settings 
configuration tools to administrators, providing 
rich information for each system user (e.g. 
username, telephone and email address). 

DP7 Administrators 

DR37 The user panel should provide the 
administrators with tools regarding the back-end 
functions of the system, such as maps and 
management tools, and supporting functions for 
inserting, modifying and deleting system 
elements.  

DP7 Administrators 

DR38 The user panel should provide the front-end 
users with functions to upload weather data from 
their area. 

DP7 Front-end users 

DR39 The user panel should provide the front-end 
users with search tools, including advanced 
search features. 

DP7 Front-end users 

DR40 The user panel should notify the front-end users 
regarding their requests status (e.g. upload new 
weather data or set a new query). 

DP7 Front-end users 

DR41 The users should be able to set requests to the 
system regarding pluviometric data. 

DP8  

DR42 The system should support different types of 
pluviometric data, e.g. rainfall level, temperature 
and moisture. 

DP8  

DR43 The system should perform the temporal/spatial 
analysis based on various parameters, such as the 
pluviometric data variable and geolocation 
information.  

DP8  

DR44 The users should be able to refine their search, by 
applying filters regarding the type of the 
requested pluviometric data, the requested time 
period and location. 

DP8 All users 

DR45 The users should be able to combine different 
types of queries to produce a sophisticated mixed 
query, such as pluviometric variable, location 
and date, e.g. what is the maximum level of rainfall 
for November 2015; 

DP8 All users 

DR46 The users with higher access/write rights (i.e., 
administrators and weather-station users) 
should be able to modify (e.g. edit or delete) 
pluviometric data, applying the aforementioned 
filters. 

DP8 Admin/Weather 

DR47 The users with higher access/write rights (i.e. 
administrators and weather-station users) 
should be able to modify (e.g. add, edit or delete) 
pluviometric data types and characteristics. 

DP8 Admin/Weather 

DR48 The users should be able to import and export 
pluviometric data in a common format (e.g. CSV 
format). 

DP8 All users 

DR49 The system should automatically scan for errors 
on data import action and notify the users 
accordingly.  

DP8  

DR50 The system should keep a history of the 
pluviometric data requests. 

DP8  

DR51 The system users should be able to set 
temporal/spatial analysis queries. 

DP9  

DR52 The system should provide statistical analysis of 
pluviometric data for both spatial and non-
spatial input. 

DP9  

DR53 The administrators and weather-station users 
should be able to manage the supported 
locations, including the functions of adding, 
deleting or updating a location. 

DP9 Admin/Weather 

DR54 The administrators and weather-station users 
should be able to test and validate the locations 
on the map and their proper visualization. 

DP9 Admin/Weather 
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DR55 The system should be able to interpret the 
longitude and latitude data into map locations 
(and vice versa). 

DP9  

DR56 The users should be able to view weather 
information about any given location (along with 
any changes made). 

DP9 All users 

DR57 The users should be able to provide and view 
information about past time periods.  

DP10 All users 

DR58 The system should provide the users with 
historical information about any requested 
pluviometric data type or request. 

DP10 All users 

DR59 Time-series analysis-report tools should be used 
for non-spatial data, providing meaningful 
historical information to the system users. 

DP10 All users 

DR60 Administrators and weather-station users should 
be able to modify historical data. 

DP10 Admin/Weather 

DR61 The system should provide a detailed view of 
each location to the users, including information 
about their types, insert/update date, coordinates 
and so on. 

DP11  

DR62 The system should provide a detailed view of 
each map to the users, including information 
about their types, insert/update date, boundaries, 
covered areas and so on. 

DP11  

DR63 The users should be able to view information 
related to variables such as rainfall, precipitation, 
moisture, runoff and recharge in a specified 
timeframe. 

DP11 All users 

DR64 The system users should define the time period 
(e.g., day, month and year) of any request in a 
graphical way. 

DP11 All users 

DR65 The system should provide the users with a 
graphical option set regarding the values of the 
requested pluviometric data (e.g. average, 
minimum and maximum values).  

DP11 All users 

DR66 Various graphical types should be used to 
visualize the obtained information in the most 
appropriate way each time (e.g. bar chart and 
time series lines). 

DP11  

DR67 Interactive markers on the maps should be used 
to create an enhanced and more efficient 
interaction experience between the user and the 
system. 

DP11  

DR68 Colour schemes should be supported to visualize 
the different states of the elevation, slope, aspect 
and accuflux parameters on each map. 

DP11  

DR69 Warning message and notifications should be 
displayed in a meaningful graphical way. 

DP11 All users 

DR70 The system should follow a minimal and 
aesthetic design approach. 

DP11  

DR71 Icons (along with textual information) should be 
used across the system layout to accelerate users' 
visual perception. 

DP11  

DR72 Usability heuristics should be applied across the 
system layout. 

DP11  

DR73 The system information architecture and layout 
should be adaptive, providing assistive functions 
attuned to accessibility standards. 

DP11  

DR74 The system should support maintenance and 
security actions by all authorized administration 
personnel.  

DP12  

DR75 The system should provide access to authorized 
system users only to critical system files, such as 
error logs, security information and storage 
mechanisms. 

DP12 Admin/Weather 

DR76 The system should deliver the supported 
weather data to the weather-station users with 
high accuracy.  

DP12 Weather-station users 

DR77 The maintenance and installation of data-
collection devices should be performed by 
authorized personnel only.  

DP12 Admin/Weather 

DR78 The weather stations should provide the front-
end users with accurate data of high integrity. 

DP12 Weather-station users 

DR79 The system should support low-energy 
consumption schemes. 

DP12  

DR80 The system should be flexible and lightweight to 
be easily accessed by various devices with poor 
internet connection. 

DP12  

DR81 The system should support the creation of new 
user types and roles. 

DP12 Administrators 
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DR82 The system should provide supportive tools (e.g. 
a thorough and user-friendly documentation 
manual) to help its users to overcome 
problematic situations.  

DP12 All users 

DR83 The defined set of rules and regulations should 
be thoroughly described in a technical report 
document, providing information about the 
system functionality and extensibility.  

DP13 Admin/Weather 

DR84 The system should provide testing and 
validation functions to the administrators 
regarding the navigation on the maps and the 
various transformation effects that are applied to 
them. 

DP13 Administrators 

DR85 The system should provide the administrators 
with tools to define the rules by which a search is 
performed (e.g., search variables). 

DP13 Administrators 

DR86 The rules applied for each search should be 
tested, validated and modified by users with 
high access/write rights (i.e. administrators and 
weather-station users). 

DP13 Admin/Weather 

DR87 The information architecture of the system 
should follow common approaches and widely-
accepted conventions regarding the digital 
content, metaphors used and information flow.  

DP13 All users 

 441 
5. Evaluation process and Protype App RQ3 442 

 443 

A. Quantitative Usability Evaluation  444 

A-I Methodology 445 

The first stage of prototype assessment was qualitative and aimed to discover how users 446 

engage with such a system, what is unclear to them, and their expectations and mental 447 

models. The mobile application and administration website prototypes were evaluated 448 

and deemed a single prototype. This number was determined based on the relatively large 449 

number of jobs (to test different components of the prototype) and time and financial con- 450 

straints. The recruitment process aimed to ensure diversity based on age, gender, educa- 451 

tion level, experience with mobile applications, experience with weather-oriented sys- 452 

tems, and familiarity with the GIS field; however, potential participants who lacked expe- 453 

rience with mobile applications and weather-oriented systems were not included because 454 

they were not part of the target audience. Participants' ages ranged from 21 to 41 (mean: 455 

30), both genders were equally represented, and their levels of education ranged from 456 

undergraduate students to PhD holders. Moderated user testing sessions included intro- 457 

ducing participants to the study and procedure, having them perform a series of prede- 458 

fined tasks while thinking aloud, and asking them to comment on the user interface and 459 

identify the primary benefits and drawbacks of the system at the conclusion of the session. 460 

Each participant was required to complete nine activities in fifteen minutes; there were 461 

twenty-four tasks in total, with three people doing each activity. As this study was quali- 462 

tative and more concerned with observing participants' actions and cognitions than with 463 

collecting data, it was decided that a sample size of three people per task was enough. The 464 

goal of the test was to allow users to engage with all primary components of the prototype, 465 

monitor their behavior, and identify any problems. The task creation procedure was as 466 

follows: First, a use case diagram figure 4 depicting all main use cases and tasks for each 467 

user role was produced; next, essential activities for participants were defined. Note that 468 

certain use cases, such as login into the system, are relevant to many roles. Moreover, 469 

obtaining pluviometric data is of utmost relevance to our system's users, and as such, sev- 470 

eral tasks are associated with it (based on the pluviometric variables and attributes, loca- 471 

tion-based characteristics, date and time periods, etc.). At least one job existed for each 472 

design concept. 473 
 474 
 475 

 476 

 477 
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Figure 4.  Use Case Diagram 529 
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Tasks for administrators (admin website): 530 

1. Log in to the back-end system. 531 

2. Reset the password of a given system user. 532 

3. Create a new map. 533 

4. Delete an existing map. 534 

5. Edit an existing location by changing its latitude. 535 

6. Enter pluviometric data for a given location. 536 

7. Upload a CSV file of valid pluviometric data for a given location. 537 

Tasks for weather-station users (admin website): 538 

1. Push daily rainfall data to the system. 539 

2. Upload data in raw format. 540 

3. Get the data setting a given query. 541 

4. Log out. 542 

Tasks for front-end users: 543 

1. View the rainfall values in London during November (front-end app). 544 

2. View the daily precipitation during last August. 545 

3. Find the minimum rainfall level. For example: from October 12 to October 19. 546 

4. Find the average moisture level in Bristol. For example:  during the summer. 547 

5. Find the time and amount of the highest runoff in the country. For example: during 548 

the summer. 549 

6. Find the number of consecutive days it rained. For example:  in London last year. 550 

7. Find which city of the country had the most rainfall last year. 551 

8. Find when the rainfall levels were in a given range. For example between 300 and 552 

400mm. 553 

9. Show a bar graph of rainfall data. For example: on 31 December 2014. 554 

10. Estimate which area has the highest level of moisture. 555 

11. Perform a slope image of a DEM. 556 

12. Render the map in greyscale. 557 

13. Get help with the map view 558 
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 580 

Figure 5.  Some of the designed prototype screens for admins and weather station users 581 

Some of the duties are relevant to more than one position (such as logging out), but for 582 

the purpose of simplicity, they have been allocated to a single role. Communication mech- 583 

anism design requirements were outside the scope of the high-fidelity prototype. Alt- 584 

hough participants were unlikely to be administrators of such a system or users of weather 585 

stations, they were asked to perform administrative and user tasks to ensure basic usabil- 586 

ity. The goal was to make the system intuitive even for users with no prior experience, 587 

thereby reducing the amount of training required for new users. Pilot research with two 588 

participants determined that recording the testing sessions was important; in addition to 589 

the recordings, facilitators made notes throughout the procedure and recorded their 590 

thoughts afterward to prevent forgetting specifics. The data were subsequently evaluated. 591 

The two researchers (who were also facilitators) exchanged and reviewed their notes and 592 
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observations, separately examined the recordings, and made a note of every difficulty no- 593 

ticed or stated by participants for each activity. They searched for pain spots and places 594 

for growth, as well as the pathways individuals followed to attain their objectives, unex- 595 

pected behaviors, etc. At the conclusion of this step, the two researchers examined their 596 

analytical results and merged their suggestions. 597 

A-II Outcome 598 

The mobile application interface was clear enough for participants to be able to complete 599 

most of the predefined tasks; however, not everything matched their expectations or was 600 

easy to understand, such as the distinction between statistical and graphical information. 601 

Viewing information was often frustrating, especially when participants wanted to make 602 

a quick change (e.g., to update the displayed information); they explicitly stated that they 603 

wanted to be able to update the displayed information without having to step back and 604 

restart the process. Another issue raised during the sessions was the possibility of viewing 605 

combined information, such as answers to 'what' and 'when' questions. The current design 606 

does not allow this functionality; however, participants stated that it would be useful to 607 

be able to answer more than one question at the same time. When asked about the update 608 

action, the participants stated that they would prefer the update to be automatic, but they 609 

wanted to be able to see when the data of the system was last updated. Another issue was 610 

that participants were confused about the location of the statistical and graphical data 611 

provided since the prototype did not provide any information about the related locations 612 

or the available weather stations. The updated prototype should address these issues. 613 

Regarding the administrator interface, the findings were unambiguous. The participants 614 

wanted quick access to all the main activities, and the horizontal menu was not convenient 615 

for this; they preferred it on the right side of the screen, so they could control it easily 616 

when using a mobile device (e.g., a tablet), as most of the users are right-handed. The 617 

identified issues and their impact are presented in Table 4. 618 

Table 4.  Identified Issues 619 

Screen Description Impact Recommendation 

All screens  
The horizontal menu at 
the top of the screen was 
inconvenient. 

The horizontal menu slowed 
down users' automated 
processes due to having to scan 
the whole width of the screen. 

Provide the menu vertically to the right to allow quick 
access to admin panel menu items. 

Statistics screen  The prototype does not 
support combined 
information-seeking. 

Users must start a new query to 
answer different questions for 
the same data. 

Ensure the prototype allows for combining queries.  

Landing screen  Users were confused by 
the statistical and 
graphical types option. 

Users were confused about 
spatial and non-spatial data and 
unsure of the meaning of 
graphical and statistical types. 

Ensure there is a clear distinction between the 
statistical and graphical information. 

Graphical analysis 
screen 

The prototype did not 
allow for quickly making 
modifications to the 
presented results. 

Users were annoyed with having 
to go to the previous screens to 
make small modifications to the 
presented data. 

Provide a quick and easy way to modify the search on 
the same screen. 

Statistics initialisation 
screen 

The prototype does not 
support combined 
information-seeking. 

Users must start a new query to 
answer different questions for 
the same data. 

Ensure the prototype allows for combining queries. 

All screens  Update must be executed 
manually by the user. 

This functionality adds a 
secondary task for the user. As 
such, it may be forgotten or 
overlooked, which would mean 
outdated data were presented. 

Ensure any required updates are executed 
automatically. 
The users should be informed as to when the last 
update took place. 

No specific current 
screen 

The prototype does not 
provide any information 
on the location of the 
presented data. 

The user is unaware of which 
location the presented data refer 
to. 

Present location-based information related to the 
data. 

No specific current 
screen  

The prototype does not 
provide any information 
on the location of the 
weather stations. 

The user is unable to check 
whether there is a weather 
station near a location. 

Provide a map with all the available weather stations. 
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The researchers subsequently reflected on the design principles and requirements: 620 

whether they are extensive enough to cover all user needs and whether some require- 621 

ments are less relevant since users prefer carrying out tasks in another way. Although 622 

existing design requirements appeared relevant, they were found not to cover everything, 623 

so the list of design requirements was extended by adding six new requirements: a vertical 624 

menu for administrators; an ability to make sophisticated queries combining different 625 

types of information; updating the system data automatically and showing the date of the 626 

last update; showing weather station-related information, such as location on a map and 627 

available samples; the easy distinction between spatial and non-spatial data; and easy-to- 628 

access and independently-supported queries. Table 5 lists the newly added design re- 629 

quirements. 630 

Table 5.  Additional design requirements discovered by user testing 631 

# Description User Type Issue 
addressed 

DR88 The menu should be displayed vertically to the right 
side of the screen. 

Administrator A1 

DR89 Users should be able to make sophisticated queries 
combining different types of information. The queries 
are normally stated as what, which and where types and 
can be applied to all or a selection of the data stored in 
the system. 

Weather station, 
Front-end users 

W1, F3 

DR90 The system data should be updated automatically, and 
the user should be able to view when they were last 
updated. 

Front-end users F4 

DR91 Users should be able to view weather station-related 
information, such as location on a map and available 
samples. 

Front-end users F6 

DR92 Spatial and non-spatial data should be easily 
distinguishable by users. 

Front-end users F1 

DR93 Queries should be supported independently and should 
be easy to access. 

Front-end users  

The prototype was updated accordingly. A new information architecture approach was 632 

implemented to enable users to quickly distinguish between the two major types of data 633 

provided by the system while providing quick access to a weather station's location and 634 

sampling data and information about the currently selected location. A map view of the 635 

areas with available data was considered a valuable add-on to the interface. Finally, to 636 

ensure the system is expandable and to satisfy the users' need to view their current loca- 637 

tion on a map, an LBS (location-based service) section was added. Figure 6 shows some of 638 

the updated app screens. One change was made to the administrator panel – a vertical 639 

menu was added (figure 7). 640 

 641 

           Figure 6.  Some of the updated prototype screens for front-end users. 642 
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                          Figure 7.  The newly-added menu for admins 644 

 645 

 646 

B. Quantitative Usability Evaluation  647 

B-I Methodology 648 

After refining the prototype, there was a quantitative round of user testing to check 649 

whether various usability metrics were within the expected range and to obtain some 650 

benchmark figures for other potential rounds of testing. The reason for focusing on quan- 651 

titative data was that while the first round of testing provided a decent amount of quali- 652 

tative data to understand the underlying reasons, there was not enough data to quantify 653 

attitudes and generalize the results. Some qualitative data was also collected to under- 654 

stand the observed behaviour and address the discovered problems more effectively. User 655 

testing (including collecting usability metrics and observing participants for unexpected 656 

behaviour), questionnaires, and interviews were all used.  657 

Fifty-eight participants were recruited for the study; as in the previous round, variation 658 

in terms of demographics and levels of relevant experience (excluding people completely 659 

inexperienced with mobile apps and weather systems) was important in selecting partic- 660 

ipants. The ages of participants ranged between 19 and 67 years (with the mean age dis- 661 

tribution being 32.9 years); 48% of the participants were male, and 52% were female; in 662 

terms of educational and professional level, they comprised undergraduate students, 663 

postgraduate students, PhD holders, professionals, and retired professionals.  664 

After being introduced to the purpose of the study and the system being tested, partici- 665 

pants were asked to carry out seven tasks in fifteen minutes; the allocated time was based 666 

on an estimate of two minutes to complete a task (based on researchers' estimates and 667 

confirmed by a pilot study), plus an extra minute to allow for switching between very 668 

different tasks. The tasks were fewer in number than in the previous testing round, focus- 669 

ing on the front-end users only (the front-end user interface appeared to be the most prob- 670 

lematic in the previous testing stage).  671 

 672 

The tasks: 673 

1. View the average rainfall during November. 674 

2. Find the location with the maximum available samples. 675 



Multimodal Technol. Interact. 2023, 7, x FOR PEER REVIEW 22 of 33 
 

 

3. Find the location with the lowest precipitation between September and November. 676 

4. Perform an accuflux of an existing DEM. 677 

5. Find which areas had rainfall that was between 20 and 23 millimetres during the 678 

summer. 679 

6. Estimate which area had the highest moisture levels on the 15th of November. 680 

7. Display a rainfall graph for the month of Jan 2012. 681 

 682 

All tasks represent the user goal of viewing pluviometric data, which is the main function 683 

of the system and one of the most important aspects of system design to get correct. This 684 

particular aspect of functionality is going to be used the most, and any issues that arise in 685 

this area are likely to be the least tolerated by potential users as it is the core functional 686 

component of the app and establishes the most notable part of the user's use-case experi- 687 

ence.   688 

The next step was a questionnaire with twenty-one questions about their experience with 689 

the application; participants were asked to specify a number from one to five on a Likert- 690 

type scale, one being "strongly disagree", and five beings "strongly agree". The question- 691 

naire items were based on the USE method proposed by Lund [52], which is a credible 692 

usability measuring tool [53 – 55]. It focuses on the subjective experience with the system, 693 

which supplements usability metrics, revealing not only how well users performed but 694 

also how they felt about their performance and their interaction with the system.  695 

 696 

The USE questionnaire:  697 

Usefulness (Questions 1 to 6): 698 

• The application helps me be more effective. 699 

• The application helps me be more productive. 700 

• The application is useful. 701 

• The application makes the things I want to accomplish easier to get done. 702 

• The application saves me time when I use it. 703 

• The application does everything I would expect it to do. 704 

Ease of use (Questions 7 to 13): 705 

• Using the application is easy. 706 

• Using the application is simple. 707 

• The application is user-friendly. 708 

• Using the application is effortless. 709 
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• I can use the application effectively without any written instructions. 710 

• I do not notice any inconsistencies in using the application. 711 

• I can use the application successfully every time. 712 

Ease of learning (Questions 14 to 16): 713 

• I quickly learned how to use the application. 714 

• I easily remember how to use the application. 715 

• I easily learn how to use the application. 716 

Satisfaction (Questions 17 to 21): 717 

• I feel satisfied with what the application provides. 718 

• I would happily recommend the application to a friend or colleague. 719 

• The application is fun to use. 720 

• The application is pleasant to use. 721 

• The application works as expected. 722 

 723 

One-to-one interviews with each participant followed, focusing primarily on their experi- 724 

ences with the application. They were also asked their opinions on the design used. Dur- 725 

ing this process, facilitators tried to clarify any questions they had regarding the partici- 726 

pants' behaviour during the testing session or the comments they made. Rich insights 727 

were gained, as the participants had a more holistic and clearer picture of the system after 728 

the task completion and questionnaire. 729 

B-II Outcome 730 

Various usability measures were computed after the testing session, including effective- 731 

ness (accuracy and completeness of user goal attainment), efficiency (time spent), and sat- 732 

isfaction. The recordings of interviews and testing sessions, in addition to the facilitators' 733 

notes, were thoroughly analyzed to determine the rationale behind the measures. 734 

In terms of design, the system quality and satisfaction questionnaire revealed that partic- 735 

ipants generally enjoyed using the application (the average assessment for "The applica- 736 

tion is pleasant to use" was 4 out of 5, and for "The application is entertaining to use," it 737 

was 3.9 out of 5). This was supported by the outcomes of the interviews, in which the 738 

majority of users (77.5%) indicated that the design of the mobile application was intuitive 739 

and visually pleasing. Participants were able to recollect the steps they took to perform a 740 

job with excellent accuracy, most likely because the user interface criteria provided by the 741 

device maker adhered to. Participants neither saw nor acknowledged any distractions. 742 

In terms of functionality and usability, the task-completion rates and times, as well as the 743 

surveys and interviews, suggested that the system was properly operating. 744 
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In terms of effectiveness, the average completion percentage of all activities (total system 745 

effectiveness) was quite high (91.38 1.39%), particularly given that it is not a mission-crit- 746 

ical system, participants were using it for the first time, and not all participants had exten- 747 

sive prior knowledge. The 95% confidence interval for the total completion rate was 88% 748 

to 98.7%, indicating that, on average, each individual would complete all activities with a 749 

success percentage ranging from 88% to 98.7%. Despite their difficulty, the most difficult 750 

tasks (tasks 2, 4, and 7) showed high completion rates (89.66%, 87.93%, and 87.39%) — 751 

they were greater than the average task completion rate (78%), according to many research 752 

[56-57]. These tasks were deemed the most challenging by research participants and had 753 

the highest mistake rates. Although these areas need more attention in the long term, the 754 

completion rates were acceptable; consequently, they do not require immediate modifica- 755 

tion but should be the subject of a subsequent examination. 756 

The proportion of participants who committed one or more mistakes while completing 757 

each task varied from 51.7% (Task 5) to 74.1% (Tasks 2 and 4); Table 6 displays these per- 758 

centages for each task. 759 

 760 

The proportion of participants who committed one or more mistakes while completing 761 

each task varied from 51.7% (Task 5) to 74.1% (Tasks 2 and 4); Table 6 displays these per- 762 

centages for each task. 763 

In Table 7, the aforementioned efficiency metrics for each activity are shown. 764 

Table 6 Percentages for each tasks 765 

 Task 1 Task 2 Task 3 Task 4  Task 5 Task 6  Task 7 

Proportion who 
committed 1 or 
more errors 

67.2% 74.1% 58.6% 74.1% 51.7% 63.8% 72.4% 

95% upper limit 79% 85% 71% 85% 64% 76% 84% 

95% lower limit 55% 62% 46% 63% 38% 51% 61% 

Expected 
proportion 
according to 
Sauro's analysis 

67% 

P value (chi-
square) P >0.05 P >0.05 P >0.05 P >0.05 P >0.05 P >0.05 P >0.05 

 766 

Table 7: Summary of the efficiency metrics 767 

 Task 1 Task 2 Task 3  Task 4 Task 5 Task 6 Task 7 

Time p (Task completion time 

– average time to complete the 

task in seconds) 

92.46±25.49 92.44±28.29 77.33±24.93  105.90±13.65 80.56±13.45 99.02±16.08 100.30±15.78 

Time E 44.09 27.51 45.48  26.4 47.86 42.74 32.71 
Standardized time 

(difference between 
the actual time and 

expected time/ 
standard deviation) 

-1.08 -0.97 -1.71  -1.03 -2.9 -1.3 -1.2 

Quality level 86% 83.5% 95.6%  84.9% 99.8% 90.4% 89.4% 

�̅� (relative time-
based efficiency) 

87.40% 81.65% 85.29%  81.08% 89.14% 88.13% 80.24% 

𝑷𝑬
̅̅̅̅  (relative expert 

time-based 
efficiency)  

41.67% 24.30% 50.16%  20.22% 52.96% 38.04% 26.16% 
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 768 

User happiness is another measure of strong functioning and usefulness. The analysis of 769 

the questionnaire responses (Table 8) indicates that the application was perceived as use- 770 

ful; participants tended to agree that the app was consistent in design and provided the 771 

features that they required during the course of the study, and overall satisfaction was 772 

high. Numerous past research [57, 58] have indicated that the mean score on a scale from 773 

1 to 5 for systems with acceptable usability is 4. When this was explored in the present 774 

research, all assessed dimensions received a mean score of around 4 and an overall score 775 

of 4. This gives an additional assessment of the app's quality. 776 

Table 8: Summary of use questionnaire results 777 

Criterion Usefulness Ease 

of 

use 

Ease of 

learning 

Satisfaction Overall 

Mean score 3.94 3.93 4.08 4.02 4 

SD 

(Standard 

deviation) 

0.34 0.33 0.5 0.41 0.23 

Lower 95% 

C.I. 

(confidence 

interval) 

3.86 3.83 3.95 3.9 3.93 

Upper 95% 

C. I. 

4 4 4.2 4.12 4.05 

The visual components (e.g., icons and maps) were quite familiar to the participants, who 778 

reported having a clear understanding of the material. 779 

The average time-based user efficiency was 0.69 tasks per minute, indicating that users 780 

were able to accomplish 70% of each job within 1 minute. This was a great outcome, given 781 

that the activities involved viewing many screens and active interaction. 782 

As measured by the ratio of effective participants' work-time to total participants' work- 783 

time, the relative time-based efficiency was, on average, 84.7%. None of the jobs had a 784 

time-based relative efficiency below 80%. High relative efficiency (as is the case in this 785 

research) implies that users had no difficulty completing any of the activities [59.60], in- 786 

dicating that the software is highly usable. 787 

Comparing participant performance to that of experts (relative time-based expert effi- 788 

ciency) revealed certain activities may have been more challenging than others. We uti- 789 

lized the Keystroke-Level Model for Advanced Mobile Phone Interaction framework [61], 790 

which was based on the ground-truth Keystroke Level Modelling (KLM) framework [62], 791 

to estimate the task-time for experienced users who make no errors. Activities 2, 4, and 7 792 

were more difficult for novice users to complete than other tasks, which explains why 793 

these tasks had lower success rates and greater mistake rates (although still within the 794 

expected range). 795 

Observing and questioning participants revealed two more usability issues: users consid- 796 

ered the assistance information unsatisfactory, and there was no progress indication, 797 
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making it unclear if the system is operating when it takes longer to load information. The 798 

final fully working prototype will need to fix these shortcomings. 799 

Encouragingly, participant observation and interviews revealed that the flaws noted in 800 

the previous study phase had been resolved; none of the participants mentioned compa- 801 

rable concerns when providing comments on the system. 802 

The visual components (e.g., icons and maps) were quite familiar to the participants, who 803 

reported having a clear understanding of the material. 804 

Overall, all findings fell within the expected range, confirming that the level of usability 805 

is as anticipated; consequently, the prototype as it stands could be transformed into a fully 806 

functional system (including solutions to the identified usability issues), and additional 807 

refinements could be made later in the application's lifecycle. The qualitative insights 808 

gathered through watching and interviewing participants enhanced the team members' 809 

comprehension of the users' perspective and the areas that would need further attention 810 

in the future. 811 

C. The Final Prototype 812 

Using dynamic layouts, the final prototype was designed to be useable on a variety of 813 

device types, from mobile phones to tablets, with displays ranging from 4 to 10 inches and 814 

in landscape and portrait screen orientations (all graphical components will automatically 815 

rescale on the screen). By using Android support libraries, the user interface (including 816 

appearance) may be maintained across all devices.  817 

The primary interface consists of four distinct tabs. Some screens provide a more detailed 818 

view of the data to be accessed. Figure 8 and 9 display the application's structure. 819 

To illustrate the functionality of each page, figure 10 represents the LBS tab for Location- 820 

Based Services. It displays customized services based on the user's current location; the 821 

location is automatically updated every 10 to 60 seconds, depending on the device's speed. 822 

The primary interface consists of four distinct tabs. Some screens provide a more detailed 823 

view of the data to be accessed.  824 
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Figure 8: The four tabs of the main interface  847 

 848 
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Figure 9: The detailed view of the data 866 
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Figure 10: The LBS interface 875 
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 887 

Figure 11.  The TSA interface 888 

The Query tab (Figure 12) permits the choice of a query (What, When, Where, or Which), 889 

a function (Min or Max), and a variable (Rainfall, Precipitation, Soil Moisture, Runoff, 890 

etc.). The construction of a query to meet specific requirements. "What is the lowest soil 891 

moisture value during the supplied time period?" is an example of a question that may be 892 

processed. 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

 902 

 903 

Figure 12.  The query tab 904 

The Map tab (Figure 13) displays the server maps that are accessible. For each map, the 905 

application displays its name and description, a thumbnail of the recognized region 906 
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(directly downloaded from the server), the latitude and longitude of the area covered by 907 

the map, and the modification date. 908 

The map tab provides access to the map viewer. The sliding panel may be uncovered by 909 

swiping from the right to the left. This will enable the user to do map analysis, including 910 

slope, aspect, and accuflux. Thus, fundamental geographical markers are shown and may 911 

be used as references when scrolling. 912 

Due to the well defined design concepts and needs, as well as the insightful insights ob- 913 

tained throughout brainstorming and user testing sessions, developing the final prototype 914 

was quite uncomplicated. Throughout the design process, this sort of information helped 915 

address issues about functionality and design decisions. Sharing this information among 916 

the team helped eliminate speculation and enabled choices to be based on reliable data. 917 

 918 

 919 

 920 

 921 

 922 

 923 

 924 

 925 

Figure 13.  The map tab interface and the map viewer 926 
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