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Abstract

:

Prototyping is an important part of any development activity since it supports communication and knowledge creation among the members of the developing organization. Although prototyping is well established in the development of physical products, less is known about its use and effect on digital service innovation and development. Since digital technologies today are embedded in almost every level of an organization, from its processes to its offerings, it can be argued that it is crucial for an organization to be able to handle not only digital aspects of prototyping, but also physical and digital aspects simultaneously. This study addresses this need by exploring the impact of digital technology on prototyping, answering the research question “How does digital technology affect the different elements of prototyping?” By taking a comprehensive view on prototypes, implications for development are analyzed and developed based on the complex nature and ontology of digital technology. The result encompasses a set of nine different propositions for digital prototyping which contributes to both academia and the work of practitioners.
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1. Introduction


Digital technologies are transforming organizations and societies. In recent years, especially with a pandemic catapulting its accelerated diffusion, these technologies changed how we work, collaborate, and socialize (United Nations 2021). The myriad of digital technologies is therefore changing how organizations develop and innovate, with increasing pressure to use digital technology to compete and survive in the global marketplace (Mandal 2020; Marion and Fixson 2021). As more products and services are embedded with such technologies, we turn to the digital innovation discipline to understand the complex outcomes and processes that take advantage of these technologies (Nambisan et al. 2020).



Digital innovation can be described as “the creation of (and consequent change in) market offerings, business processes, or models that result from the use of digital technology” (Nambisan et al. 2017, p. 224). Such a view encompasses both the discovery of new opportunities and the development of products and services as part of the digital innovation process (Fichman et al. 2014). And while it may be argued that a change in form does not necessarily mean a change in type, scholars have repeatedly pointed out the unique nature of digital technology and how the ontology of the digital is fundamentally changing the dynamics of digital innovation (Baskerville et al. 2020; Kallinikos et al. 2013; Lyytinen et al. 2020). They also have profound effects on innovation management and the various stages of the innovation process. The early stages, especially, are susceptible to uncertainty about both the user and the future solution (Parida et al. 2017). One such stage that we focus on is prototyping.



Prototyping, as a fundamental approach to development and innovation, has a positive influence on the fulfillment of the organization’s goals and objectives (Thomke 2003), the efficiency of the team (Exner et al. 2015), and the lead time of development (Kleinsmann and ten Bhömer 2020). Yet, developing concepts and prototypes for new digital solutions is different from doing that for traditional (non-digital) ones since digital technology brings additional dimensions and new aspects to be taken into account (Ramsgaard Thomsen and Tamke 2016). Recently, scholars began tackling the role of prototyping in developing digital solutions to address this gap in the literature, focusing primarily on physical products, and the practice dominated by pervasive digitalization (Kleinsmann and ten Bhömer 2020). Consequently, while prototyping is widely used in mature areas, like the development of non-digital goods and services (Passera et al. 2012; Razek et al. 2018b), it is still underexplored for digital solutions (Blomkvist 2014; Blomkvist and Holmlid 2010; Winby and Mohrman 2018) and their contexts (Camburn et al. 2017).



To this end, the purpose of this paper is to explore the impact of digital technology on prototyping in order to fill the identified research gap and answer the research question “How does digital technology affect the different elements of prototyping?” We answer this research question by employing a qualitative case study research design. Our empirical analysis reveals various implications that digital technology has on the representation, communication, and motivation, among the actors involved in prototyping. On the conceptual level, this paper advances our understanding of prototyping for digital innovation by unraveling the key characteristics of digital technology and fundamental elements of prototyping. When integrated, various propositions are developed on the impact of such technologies on prototyping.



The paper is organized as follows. Section 2 reviews related work on prototyping for digital and hybrid solutions, as well as digital prototyping. Section 3 lays the conceptual foundations for the analysis with emphasis on two main dimensions: (a) characteristics of digital technology, and (b) prototyping elements. Section 4 presents the research method and analytical framework derived from the above dimensions. A case analysis that illustrates our empirical findings is presented in Section 5. Section 6 then discusses the findings towards our set of propositions and the study’s implications for research and practice. Conclusions, limitations, and future research are provided in Section 7.




2. Related Work


Identifying business opportunities has been shown to be one of the most important abilities for entrepreneurs and companies to become successful in the long-term (Nicholas et al. 2013). Digital technology has a layered architecture that blurs the conventional boundaries of constituting elements, compared to traditional products and services (Yoo et al. 2010). This leads to an organizational need for being better equipped at identifying opportunities that could arise during the development of digital technology, specifically across these elements (Yoo et al. 2010). Opportunities may be recognized instantaneously but are foremost a development process of their own where ideas and needs are consciously transformed into opportunities (Ardichvili et al. 2003). Whether this is a systematic process or happens by accident, it includes factors that link social components to technical processes, such as recognizing socio-technical patterns or exploiting casual acquaintances (Ardichvili et al. 2003).



Traditionally, what used to be differentiated as either goods or services (Vargo and Lusch 2004) are today often a mix, consisting of different types of material and nonmaterial components combined in an offering or a solution (Annarelli et al. 2016; Faulkner and Runde 2019). Fundamental approaches for developing and designing solutions from open-ended problem statements (i.e., innovation) have a strong connection to aspects such as creativity, tacit knowledge, and interaction (Brown and Katz 2011) and even if such approaches take on different expressions depending on the context (i.e., non-digital or digital offers) they have common features and structures. Communicating using analogies or developing by means of pre-types are structures that are evidential for most design contexts and can be brought together in the activity of prototyping, or simply put, to create prototypes (Schrage 1996).



Prototyping for product development is traditionally and innately more focused on physical requirements and principles of how to achieve a specific solution (Cross 1997), i.e., sketches, functional prototypes, proof-of-concepts, demonstrations, mock-ups, etc. Service prototyping is, in contrast, more focused on achieving a specific value or apprehending the user experience (Blomkvist and Holmlid 2010), i.e., “experience prototyping”, service blueprints, service journeys, bodystorming, service walkthroughs, etc. Prototyping for digital innovation would therefore inherit all the above-mentioned classes of techniques as well as carving out its own unique needs. Yet, it is not fully known what these needs are or their implications for prototyping.



Recent studies have examined how emerging digital technologies such as virtual and augmented reality can be used to improve the service development process (Bae and Leem 2014; Boletsis 2018; Razek et al. 2018a), support the adoption of new digital co-creation practices (Kostis and Ritala 2020), and support experiential learning (Santos et al. 2013). Other studies have focused more on a mixed approach where being able to quickly move between digital and more traditional prototyping technologies in a lab environment has been shown to be promising for the ability to reach a more comprehensive understanding of specific service situations (Meiren and Burger 2010; Rontti et al. 2012). Nevertheless, setting up such environments is cumbersome and mostly focuses on high fidelity and high resolution of service prototypes (Razek et al. 2018b). Also, an important implication of prototyping in a virtual environment is that the development team must pay attention to the fact that the validity of the result depends upon the accuracy of the digital reality that is created, i.e., the reality in the lab is still artificial (Meiren and Burger 2010).



While such empirical studies contribute to the discourse of digital prototyping and their implications for digital innovation, empirical accounts of how the specific characteristics of digital technology affect the various aspects of prototyping beyond the lab environment are still limited. This study targets this gap in the literature and in the following section, we describe the theoretical foundations of digital technology’s characteristics and prototyping; the two dimensions informing our analytical framework.




3. Conceptual Background


3.1. Digital Technology


Digital innovation may refer to the use of digital technology in the process of innovation, or to the outcome of innovation (i.e., a product/service, process, etc.) that are digitally ingrained. Kallinikos et al. (2013) define digital objects as editable, interactive, reprogrammable, and distributable. Such objects are embedded with capabilities such as communication and memory (Yoo et al. 2010). Digital objects can also be defined in terms of their material and nonmaterial properties, and the subsequent hybrids when their components possess both properties (Faulkner and Runde 2019). Together, these properties make digital solutions distinct from earlier generations of IT-driven ones as they have been observed to be open-ended or incomplete upon their release (Monteiro and Parmiggiani 2019). To better understand digital solutions in the context of digital innovation, we take a step back and examine the characteristics of digital technology. Nambisan et al. (2020) define three characteristics that contribute to (and challenge) our assumptions of digital innovation in general and prototyping specifically.



First, they argue that digital technology has an agential core due to its highly mutable and recombinable components, as well as the flux of emerging affordances, which change the role of technology in social contexts, leading to new forms of joint socio-technical agency (Tilson et al. 2010). This type of autonomy and agency may be obvious in new forms of knowledge production systems relying on technologies such as AI and automation (van den Broek et al. 2021), but they are also observed in studies of other digital technologies (e.g., see Freude et al. 2020 on agency in VR environments). Joint sociotechnical agency impacts both the scope and range of the role of technology in extant theories that remain unaccounted for (Nambisan et al. 2020).



Second, digital technology paves the way for a layered modular architecture, where there is separation between physical devices, networks, services, and content layers (Yoo et al. 2010). This separation leads to novel semiotic bindings between the various content or data representations and their contextualized meanings for the target actors who use them. Monteiro and Parmiggiani (2019) refer to this separation quality as the liquefaction of material digital objects, and accordingly suggest that it fundamentally changes the perceptions of surrounding phenomena—a key notion in prototyping. Such semiotic bindings, unlike their physical counterparts, are only “socially approximate” (p. 6), which leads to actors in different contexts finding different ways of binding the data/content to their social context in different and intermediate ways (Hukal and Henfridsson 2017).



Third, objects are increasingly first created as digital objects and then physically manifested, whereby the pervasiveness of digital technology is leading to a new “digital default”. This is known as the ontological reversal of digital technology (Baskerville et al. 2020). Ontological reversal challenges the common assumption in classical technology and innovation theory that digital representations reflect physical objects and relationships that exist in reality (Baskerville et al. 2020). On the contrary, it is often that “physical objects are the outcome of ‘printing’ digital objects onto physical bearers” (p. 21), such as in the cases of 3D printing or printing a booked flight ticket. Ontological reversal also challenges what we know about physical prototypes and prototyping activities, as we detail in the following section. Together, these three characteristics are assumed to change the nature, processes, and outcomes of digital innovation as well as how we conceptualize and theorize digital prototyping (Lyytinen et al. 2020; Nambisan et al. 2020).




3.2. Prototyping and Prototypes


Prototyping is the process that includes design activities “characterized as a goal oriented constrained, decision-making exploration, and learning activity” (Gero 1990, p. 28). A large portion of the literature suggests that the process of creating prototypes is equally important as the prototype itself, especially for innovative design (Cross 1997; Dorst 2011; Camburn et al. 2017). For innovative design, prototyping can explain how the team makes sense of new knowledge and create new solutions out of open-ended problems (Klein et al. 2006a, 2006b). This activity typically has explorative or validating purposes (Cross 1997), or similarly divergent or convergent abilities (Kleinsmann and ten Bhömer 2020), meaning that it can be used to both understand the problem and its context, but also to create possible solutions, i.e., problem setting versus problem solving. In the context of digital innovation, this dichotomy also relates to accounting for untapped opportunities in asynchronous development (i.e., when digital traces are collected but the variables are yet to be known) as opposed to developing solutions synchronously with known variables and relevant data (Rizk et al. 2020). If the team can investigate a phenomenon that they have decided upon (known variables) but at the same time can be open and make room for new perceptions of the same phenomenon (unknown variables) they are more likely to find a fitting solution (Jensen et al. 2017).



As for prototypes, Maher et al. (2011) illustrate that three fundamental elements of a design situation are (a) a representation of (parts of) a problem, solution, or both; (b) the communication between actors that affects the representation; and (c) the motivation for why actors engage with, communicate around, and affect the representation.



Prototypes are typically physical visualizations but may also be abstract concepts such as narratives. They are embodiments or representations that development teams create for specific purposes, i.e., to evaluate the look or feel, communicate, test, etc. (Exner et al. 2015). It can be argued that an important feature of a prototype is the balance between the resource that the team spends and the knowledge they gain, implying that the purposes must be aligned with the effort (Passera et al. 2012). Hence, the creation of primitive forms of envisioned ideas may be a natural activity for designers but should be aligned with other design principles, e.g., setting up goals or learning (Leifer and Steinert 2011).



A prototype also emphasizes the context, since the prototype itself can have many different purposes depending on how it is used (Aversa et al. 2018). As context gives us a reference of how to interpret the prototype, so does also the starting point of the process, since “the information needed to understand the problem depends upon one’s idea for solving it” (Rittel and Webber 1973, p. 161). This mindset has eventually improved our way of looking at how to define problems and how to solve them, as a sequential process from problem to solution, to a co-existence of problem and solution in an iterative process (Dorst 2019). On the other hand, every team member has their own interpretation of the prototype, adding to its contextual diversity (Brereton and McGarry 2000). Eventually, interaction with users or other actors triggers new insights and the representation changes accordingly. To make sense of a prototype, Ruecker (2015) emphasizes the importance of a defined purpose of the prototype, e.g., research, production, or provocation. The use of systematic processes is therefore a necessity to balance our efforts and help us come to conclusions (Jacoby and Rodriguez 2007), and likewise selecting a suitable method by being able to reflect upon what is to be learnt from the prototype (Real et al. 2021).



In addition to this systematic process, teams that utilize prototyping develop a “language” within the team which enhances communication and makes it possible to align expectations, beliefs and perspectives (Brereton and McGarry 2000; Schrage 1996). The representation that the prototype makes out enables the team members to not only communicate with each other, but also to interact with the prototype itself. At first, the interaction is only indirect, through verbal communication between team members and the mental representation that they share, but later it also occurs through direct physical interaction.



Another way of explaining the communication or interaction in the team and around the prototype is through the creation of frames (Dorst 2011). Frames are created by team members to draw attention to specific parts of the problem–solution space (Dorst 2011). Accordingly, assumptions play an essential role in the creation of a frame which is then shaped by reasoning in the team until it is agreed upon (or discarded). For products, functions and physical characteristics are typical subjects to be tested, but for services it may be easier to look for values, or the experience that the service provisions (Blomkvist and Holmlid 2010; Kleinsmann and ten Bhömer 2020). To develop new knowledge, and subsequent innovation, it is important for the team to both frame a situation but also to do this in several sets or iterations, i.e., to reframe, although studies show that this progression is not always the case (Wenngren et al. 2016). Often frames are poorly understood, challenged, or questioned, which could lead to inaccurate frames that persist too long, or the opposite, where the team misses out on important opportunities by testing a frame too early, i.e., a goal orientation.



As mentioned previously, the prototyping process assumes a specific purpose, in the form of problem setting or problem solving, set by the design team. However, the choice to engage with the prototype and the team is bounded by the stakeholders’ motivation to do so. In a prototyping situation the chosen variables are often connected to the social properties of the situation that are to be improved and may be difficult to come across by other methods (Houde and Hill 1997), and, hence, the experience of using the prototype play an important role in user-centered development (Buchenau and Suri 2000). In this interplay with different stakeholders, the prototype becomes an important boundary object between different social worlds (Star and Griesemer 1989). Boundary objects “are non-human actors that enable groups without shared knowledge or goals to work together towards an end, enabled by differences and similarities in actors’ understanding of the object” (Thompson 2016, p. 2). The use of boundary objects in digital innovation enables stakeholders’ views to be integrated and stabilized into the outcome of digital innovation (cf. Rizk 2020) serving their motivation to engage.





4. Research Method


To answer the abovementioned research question, a qualitative explorative case study research approach is adopted. Empirical studies investigating digital prototyping are limited, and the phenomenon itself is one of a contemporary nature, which motivates the qualitative and explorative orientation. In addition, the boundaries between the prototyping activities, the prototype itself, the digital technology, and the context are not easy to separate in practice, which are ideal conditions for case study research (Yin 2018). The following sections detail the case context, data collection, and analysis.



4.1. Case Context


This study uses empirical data collected within the frame of a smart city project called OrganiCity, which is a concluded EUR 7.2 million project funded by the European Commission’s Research and Innovation framework program. The scope of the project was to build an Experimentation-as-a-Service (EaaS) platform where third-party teams innovate using Internet of Things (IoT), urban data, and digital co-creation tools in three European cities: London, Santander, and Aarhus. The project provided the platform and cascaded funds to teams that are interested in prototyping in one of these cities. The funding was cascaded in two rounds of open calls. A total of 37 teams (made up of 2–7 members each) have been funded by the project with up to EUR 60,000 each. The teams executed their experiments over a period of up to 6 months: the first round was from October 2016 to April 2017, and the second round was from October 2017 to April 2018.




4.2. Data Collection


The primary data collected for this study come from semi-structured in-depth interviews conducted with the team leads one month before finalizing their respective experiment. Interviews are used to collect rich data about a phenomenon in its natural context (Kvale 2008). Semi-structured interviews are guided by a set of questions that are designed beforehand in order to address relevant information, in addition to open-ended questions to account for unexpected information (Hove and Anda 2005). A total of 24 teams agreed to be interviewed: 13 from the first round and 11 from the second. The selection of the respondents was based on purposeful sampling (Patton 2005), where the respondents were knowledgeable about both the technology and prototyping process, which makes it suitable to study the target phenomenon and unit of analysis (Coyne 1997). Accordingly, initially, the interviews were scheduled with the team lead, and they invited other team member(s) who were needed to provide details about the areas that the team lead was not familiar with. Respondents from all three cities are represented in the sample.



All interviews were conducted online through Skype or Google Hangouts, and were voice recorded and later transcribed. An interview protocol containing open-ended questions was used, addressing different themes around the processes, activities, and tools and technologies used throughout their 6-month experimentation period. Follow-up questions were asked when needed to clarify and/or expand on a certain technology or activity. Interviews lasted between 45 and 115 min. All interviews were conducted in English, transcribed, and sent to the team leads to confirm accuracy.



In addition to the interviews, we collected secondary data from the teams to better understand their prototypes. The secondary data sources include their initial proposals, planning documents and progress reports, and public communications such as blogs. The secondary data was particularly important because they used these sources to document their co-creation journeys with their respective end-users in almost real-time, which is relevant to prototyping. In addition, some teams chose to share other materials such as their developed prototypes or user engagement workshop materials.




4.3. Data Analysis


The interview transcripts were analyzed iteratively following an abductive reasoning approach (Svensson 2011). This means using the existing literature to inform our operationalization of the chosen concepts but generating theoretical propositions inductively that illustrate the relationship between these concepts. To answer the research question, our end goal is to develop relational propositions that elaborate the effects of digital technology on prototyping. Leshem and Trafford (2007) emphasize the importance of the interpretation of concepts, but also the analysis of the relationship between them. By performing these steps, researchers can demonstrate a “unity within appropriate theories, direction to research design and accompanying fieldwork, and a coherence between empirical observations and conceptual conclusions” (Leshem and Trafford 2007, p. 101). To achieve this purpose, we conducted our analysis as follows.



First, the three characteristics of digital technology were used to guide the first round of analysis, i.e., every excerpt relevant to one of the three characteristics was highlighted for further analysis. Second, each of these excerpts was coded with open codes, with the aim to identify emerging concepts under each characteristic. The guiding question in this analysis was how that specific characteristic (e.g., the described agential core of the technology) impacts the prototype and the activities shaping it. These concepts were further examined, compared, and discussed between both co-authors to find inductive patterns between them and the overarching characteristics. The so-called intermediary concepts from the analysis can be seen in Appendix A. At this stage, patterns pertaining to the prototype’s representation, communication, and motivation emerged, and accordingly the excerpts were reorganized to be classified along these three clusters, leading to a 3 × 3 analytical framework used to refine the analysis, explained as follows.




4.4. Concept Operationalization


The existing literature suggests that prototyping is a means to develop knowledge by design. In this paper, we use the following operationalizations in our analytical framework that merges the characteristics of digital technology and elements of prototyping. Prototyping is the activity, focused by a motivation (purpose), which lets the development team, based on its own previous experience, communicate with other actors in a specific realm (context) using a (set of) representation of the envisioned design. Central to the activity is the creation of representational frames, which the team can later test in a real-world setting (reframing), and consequently develop knowledge. It is important to note that these elements, such as communication, mainly concern the prototyping activity and its corresponding design setting, rather than the final solution the team is aiming to achieve. By investigating the characteristics of digital technology and elements of prototyping, we formally define and operationalize each of these dimensions in Table 1.





5. Analysis


This analysis is organized by the analytical framework: three sections covering characteristics of digital technology, under which subsections describe how these characteristics affect the elements of prototyping.



5.1. Agential Core


Our empirical analysis suggests that digital technology exhibits new configurations of joint social and technical agency that affect the three elements of prototyping: representation, communication, and motivation. The following subsections detail examples of these observations.



5.1.1. Agency and Representation


One of the key elements fueling the redefined notion of agency in digital technology is data. Our interviewees pointed out different ways in which actions informing representation choices were data-driven. For example, one team describes how their digital service is driven by a classification algorithm where, depending on its predicted class, different information gets extracted from users’ tweets to show in their stream-of-events content.




“We encapsulate the tweet and classify it into 4 different categories: Soccer, basketball, news or general/other sports event. Depending on these categories an action is taken. For example, if it’s news-related, we extract location and content. If it’s about soccer, we extract more information; the two teams, time of the event, weather conditions, traffic, location, score, and time of the tweet”



(Respondent 4)





Further, another team shows how it is the machine learning algorithms that are the “agents” creating more accurate estimates for their prototypes when faced with noisy data:


“So the data is actually very noisy, and we have to use machine learning algorithms to try to cluster the data to work out where you really are in that data. So we have the algorithms that analyse the data to try to make it cleaner and work out start and end points, as well as different routes”



(Respondent 8)







In both examples, the design team mainly designs the frame of the digital prototype, but activities such as the design of the content and inferencing are delegated to a data-driven agent that is part of the prototype and eventual service. With data powering algorithms, we observe a special type of agency, “data-driven agency”. This notion describes how the teams design their prototypes in ways that make them unfinished representations until the data starts being generated and fills in such representational frames of the prototypes.




5.1.2. Agency and Communication


A key opportunity that follows from such data-driven agency and affects communication is the ability of the experimenting teams to communicate specific values related to their prototypes, such as allowing users to take control of their own data. Indeed, these values differed based on the type of stakeholder involved in the prototyping phase, as well as the type of data. But the common values observed relate to owning one’s data, transparency, and openness. As one team puts it when asked about the aim of their experiment/prototype:


“…to find ways for people who own this data—citizens—for themselves to find ways to represent that data. So it’s about showing it to others, but also for finding ways to show it to themselves or the process for visualising is also insightful for themselves”



(Respondent 9)







However, there is also an act of balance that needs to be maintained in giving control to the users with data-driven agency in place. Especially with user-generated subjective data, teams need to maintain the integrity of their services (e.g., by ensuring the data is actually accurate); thus, some form of moderation is needed. This act of balance between openness and integrity is elaborated by the following respondent:


“Yes, it’s probably embracing our tagline, which is curating to some extent, but in a delicate way, because we’re very aware that we want to keep it open and as transparent as possible and we’re not tweaking them, apart from making sure that they’re in the right location”



(Respondent 14)








5.1.3. Agency and Motivation


The new agential configurations also affect the motivation behind the prototypes developed by our respondents, mainly through making data, information, and knowledge about the city more accessible to its residents. The characteristics of digital technology make it malleable and deliverable to end-users in a simple, cost-effective, and customizable manner.




“So we work in the space of quantifying air quality in cities and we have built a series of mobile sensors that have been basically deployed at reasonable cost and can capture high quality data … So, the main value proposition that we offer at least for municipalities customers is that we can enable them to see what is happening in the city with very little effort. That’s the main thing that we do”



(Respondent 7)





In addition to motivating the solution representation, this malleability also motivates its deployment environment to suit different levels of technological literacy, again bringing new forms of agency to users that earlier had no agency with regard to data-driven solutions. As one team elaborates:


“We thought they will be accessible to designers as well as programmers, coders, and data scientists. It was a bit of a barrier to engagement for people who had a medium level of tech literacy, like us. That’s why we chose motion.ai. We can deploy it to SMS or Facebook Messenger”



(Respondent 3)









5.2. Semiotic Binding


Our analysis also reveals that semiotic binding of digital technology affects all three elements of prototyping in eight different ways.



5.2.1. Semiotic Binding and Representation


In the empirical data, the need to understand different perspectives is apparent. The different companies and organizations in this study were all part of a program where interactions with stakeholders and other actors involved were encouraged by the program officials. This procedure was unfamiliar to many of the developers and that they struggled with co-creating solutions. Despite the instructions to “co-create”, there was a strong indication by the respondents that the different organizations realized the importance of understanding the value proposition to users by accepting that both problem and solution co-evolved during the process. When entering the program, the developing organizations all had a clear idea of what they wanted to do. As time passed by, several of the companies started running workshops with stakeholders where they departed from a vision of a solution, and at the same time encouraged input on both the problem they were solving and the solution they were developing. One respondent explains how co-evolution can be achieved:


“So, it was all collected in real-time and after the walk itself, when we get back into the workshop space we did show them all the perceptual data that’s collected at each location, so, what we did was, we showed them the perceptual data that they had collected in each location and also showing them another screen, where we showed them the air quality data that was collected by this small air quality sensor that we carry with us for the walk. So, then we did this mini session where we look at real-time air quality data collected and compare it to the other sessions.”



(Respondent 15)







Another aspect of the semiotic binding related to representation is that the developers realized that they needed to start from users’ reality, since users had a different mental model than the developers. Those that started with presenting a final solution to users had difficulties communicating its value and instead needed to step back and try to understand the users’ mental model for understanding the solution, i.e., intermediaries that users knew about before, specifying bounded tasks when interacting, or educating the users. Keeping both the users’ understanding of the representation and their own representation in mind created challenges for the development team. One respondent talks about the importance of having a process that kept it together:


“Yes it was part of the learning journey I guess. For that reason it was really important for us to be quite transparent with [user group], but have a design process that held it all together and felt really safe and bounded; knowing what we could do and what we couldn’t do. We had clear briefs, knew what was possible, and we refined that as we went along.”



(Respondent 3)








5.2.2. Semiotic Binding and Communication


Semiotic binding and communication intersect between the value the digital technology brings and how actors interact with the prototype (the representation). In this study several of the companies collected data from different sources such as sensors, external databases, users, etc., with the purpose of creating a synergetic effect from the interaction with the digital technology. Some examples of digital services in this study are applications that let the user understand the environment, finding less stressful urban areas, or managing carpools. The developers argued that if the right type of data is compiled, translated, and presented, value is realized if users act. Although, the interviews show that there can be a difference between recommended action and user action. The developers argued that it is important to know if users act, how they interpret the recommendation, and also that this type of communication needs to be bi-directional, i.e., that users interact via the digital technology. The developers also realized that the digital interface may affect and formalize communication, which could hamper communication from users:


“Yes, well, the interactive display was not something we were planning to do. …but at the same time we noticed in the workshops in London and Aarhus that people wanted to give their own opinion on particular matters. So we always envisioned it to be something where the citizen owns a particular display and communicate his or her point of view on this display. But we noticed throughout these workshops that people wanted to respond immediately in a quick and volatile way.”



(Respondent 9)







The need for interaction is also evident in another intermediary concept in this cluster. Even if some of the applications originally were not intended to be based on user involvement, the majority of companies saw it as important or critical for their solutions at the end of the projects. Those companies that based most of their data collection on user involvement naturally had the strongest user-centric mindset, i.e., the users’ experience, tendencies to interact, user value, etc. Other companies still saw the need for interaction with the users, but not as clearly or urgently as the first group. In these cases, users were seen as important to improve some function of the application, for example, improving analytics or being able to collect feedback on GUIs, etc. Lastly, even if user involvement was not a main part of some companies’ applications, they were aware that users valued their data. As an example, companies thought of transparency and how to present “where and how” data where used in their services:


“I think the idea that we want to get across is that, first of all we want them to feel like the things that they have done that’s actually an output, there’s actually a result to look at and not just collecting data without knowing what’s going to happen to it. So, we wanted to make it transparent, for them to know what type of data were being collected, what are they seeing.”



(Respondent 15)








5.2.3. Semiotic Binding and Motivation


Centering on motivation aspects and semiotic binding, four intermediary concepts were located among the interviews. Firstly, the companies and their developers were or became aware that the experimentation they conducted required caution in terms of change. Since social factors often infer a degree of complexity, this can be interpreted as developers needing to understand which factors created value and why; simply put, they wanted to understand the change in the representation for every step they did in their process. Some developers also pointed to the importance of using elementary material methods to establish confidence among the actors involved:


“So we got to that simple generation stage, we used paper wireframes, we used storyboards, roleplaying, we tested things out really quickly and cheaply. It affected all the [user group] confidence—and our own confidence actually.”



(Respondent 3)







Connected to this desire to understand value, companies also saw the need to understand how different contexts changed the users’ perception of the value the prototype created. The developers reasoned that just because they understood one context does not mean it will be the same if the prototype was located elsewhere. This difference in localization may come from differences in the physical context (weather, altitude, sunlight, etc.) but also in the user (culture, norm, occupancy, etc.). One of the respondents argued that their prototype may solve different problems depending on the context:


“… so that’s why we went to look for different angles in which we can, there are definitely different problems that are solved by commuting together and we really needed to know which angle to play in [city].”



(Respondent 6)







Another aspect that can be connected to the same type of phenomenon is that the companies in this study ended up in situations with many different stakeholders to relate to, i.e., the digital technology may be intended for one group of end-users but often has a network of actors that are affected or that it affects. This may be a natural aspect for a digital service but also adds to the complexity in how the developers frame the scope of their ideas:


“So what we discussed yesterday with [organisation] that if you design new services around overcrowded homes you could also look at other aspects around wellbeing that might give you more return in terms of your service investment. So they really explored in terms of positive or negative correlation and they thought this is really useful and they wanted to see more detailed information around the reasons and drivers.”



(Respondent 3)







An aspect of digital technology which seems to largely affect motivation is the privacy of actors:


“Obviously, it’s difficult for people to want to share all their location data, it’s a very private thing. So a couple of weeks ago we’ve also added an annotation map, where they can anonymously just put different markers on the map and say this is a problematic area. They can also connect that with GPS locations as well, if they want to login.”



(Respondent 8)







Privacy affects the motivation of the user and other actors because the digital technology reveals too much information which feels unsafe and unwanted from an individual perspective. The developers have to tackle this issue from many angles in this study, which involves a balance between the privacy of the individual user and the functionality of the service.





5.3. Ontological Reversal


In our analysis, we found seven dimensions of ontological reversal related to prototyping digital solutions.



5.3.1. Ontological Reversal and Representation


Constructing digital representations when prototyping digital innovations seem like an expected practice and our analysis revealed three intermediary concepts related to OR and representation. To begin with, developers often turn to representing physical objects, events, or phenomena digitally in the form of a digital twin, either as a precursor to another value-added digital solution or as a standalone one. It is often assets of interest to their target users that are represented as such; for example, plotting all empty buildings in a city, or creating a digital twin for a city with a focus on specific aspects of its typology. An issue connected to the digital twin is the question of validity or compliance between the two realms. One respondent refers to the accuracy of the representation dependent on the level of network coverage:


“The accuracy that you see is about 50 to 100 m. But sometimes if you lose certain connection it goes to a cell tower so then it can become 200 m.”



(Respondent 8)







While this dimension seems to be a static representation of objects, it is often associated with a temporality that plays a major role in digital solutions. For some teams, this temporal dimension is crucial to delivering value in their prototype. For instance, providing a map of available parking spots in a city requires that their availability be temporally accurate. However, in other cases, real-time representation poses other risks such as privacy risks if people’s locations are revealed in the process. In such cases, if the phenomenon of interest permits, an added delay or temporal masking may be embedded in the representation to preserve individuals’ privacy:


“Hosting sensors on vehicles that contain people, for data protection reasons you cannot output a public pin on a map. For geographical privacy, you know so we cannot say there is a delivery here at this time. We can’t do this live because then we violate our agreement with [delivery company] and it would violate the privacy of their drivers. So what we can do is we can show some historical data as these points.”



(Respondent 1)







The third intermediary concept can be described as data layering and occurred when experimenters mixed or aggregated different types of representations, or data/information, into one, which, in turn, made new types of digital representations emerge:


“So I thought why don’t we make a tool that can make a use of this information? We can find patterns, location…then we can get something out of it...we get information from sensors, from people, and other sources, then you mix everything together. That’s what we do.”



(Respondent 4)








5.3.2. Ontological Reversal and Communication


Ontological reversal and communication mean that there is a communication route to the digital representation. Establishing ways for external actors to communicate with a digital prototype or concept is important in order to get input from them, but a factor for such communication is also that the digital prototype will probably not include the development team’s entire representation in early phases. Many of the companies were faced with a challenge in their digital interaction with end-users because it was difficult to establish these communication routes, i.e., how to communicate and where to meet, but also because of the “innovation” itself, i.e., the actors did not know what it was or how to use it. A common experience among the cases in this study was that the developers had to identify and establish routes, facilitate them, and develop them further. Some tried to understand this by collecting data via the prototype itself:


“… we have a number of data plots to understand user engagement and also data-side of analysis. But that is not really structured at the moment. We are also not sure if that is really useful to keep some insight but as a concept we want to keep that one.”



(Respondent 3)







Others established communication iteratively by moving back and forth between the digital prototype and the real world:


“Freely written tweets were very challenging to analyze. So we started with a very strict structure, but people can’t follow a rigid structure, they are not robots. So we had to be flexible. It was a compromise. Our community manager is really good at reading tweets from readers online. The current structure came as a suggestion after the first workshop, when we realized it was too rigid. Another workshop was held to follow up on structure.”



(Respondent 4)







Moving back and forth between the two dimensions connects to a second intermediary concept of calibration between the digital prototype and real world elements, interpreted as being either technical calibration or socio-technical calibration. The developers were adapting their prototypes to specific social and technical contexts, which can be interpreted as the developers needing a known reference set to test their ontological reversal concept with, but also as the companies being sure that they initiated communication with users showing them the right vision or goal, i.e., that they showed users the right type of representation. Being able to succeed in creating this “connection” between the real world and the digital one was, in some cases, the main business idea:


”We are clear that we want to develop, ‘Sensing as a Service’. The device and the hardware is an excuse to collect data and we have to build this of course and deploy them and there is alot of work in that but eventually data is the currency, so what we will eventually be offering customers is a clean API and data point where we take care of all the calibration, deployment, management of the devices, hardware and things, and then you get something on the other end.”



(Respondent 7)








5.3.3. Ontological Reversal and Motivation


Two intermediary concepts were found in the ontological reversal dimension affecting the motivation, or the drive, to communicate with the representation. On the users’ end, trustworthiness in the new prototypes seemed to be a challenge the teams faced. This trustworthiness was connected to sensing and analyzing real-world data in an accurate way. For example, the developers were worried that if the digital representation did not reflect true aspects of the real world, users would have less trust in the solution:


“The parameters that we get from this experiment, precision scaling, is not enough. We also need to co-locate the sensors to compare reading levels with reference monitors to find out accuracy. That is called accuracy scaling and what we need to do with our sensors to get them to estimate actual reference value of each is understand the difference in the way they react.”



(Respondent 1)







Another intermediary concept found among the cases was both seen as a challenge and an opportunity, interpreted as a prototype scale. Some companies saw a possibility in increasing the scale of the prototype and incorporating larger geographical areas or different user groups, to enhance functionality, trustworthiness, granularity, etc. Others, on the other hand, saw an issue with reaching out too much because that created motivational issues among the end-users:


“I think a big barrier was working with the partners and the way we expected them to be resourceful in terms of getting their user group engaged. That was an unexpected constraint where we expected them to be able to go, ‘Yes, we’ll send out everything to-,’ their users. We expected them to advise us in how they wanted us to engage.”



(Respondent 14)










6. Discussion


In this section we discuss our findings by elaborating how each of the three elements of prototyping is impacted by digital technologies, summarized at the end of each subsection by a set of propositions.



6.1. Representation in Digital Prototyping


The properties of digital technology extend to prototypes in a way that challenges our assumptions about prototypes as stable or fixed objects. Our analysis suggests that digital technology’s agential core entails that a digital prototype is rather dynamic and emergent, properties that extend from digital objects in general being recombinable and open-ended (Monteiro and Parmiggiani 2019). This emergence opens opportunities for design practices that take advantage of such agency. A digital representation of physical objects, phenomena, or events (i.e., digital twins) makes the recombination of these elements both easy and more feasible, reinforcing the malleability of digital technology (Yoo et al. 2010, 2012). Data layering is one of the ways in which such malleability manifests. Another key effect is the data-driven agency that can be observed more commonly in digital solutions, where teams design the frame for representations while the data generated through the interaction dictates the actual prototype. A common example is recommendation-based systems that rely on actual purchases to recommend products and/or services, leading to a different representation for each and every user.



On the other hand, this emergent nature of digital prototypes also poses several challenges. First, it comes with uncertainty as to whether the representation and behavior of the prototype are replicable in different (digital) contexts (Brereton and McGarry 2000; Dorst 2011). Replicability affects, for example, the robustness and reliability of tests and experiments and the team must therefore be aware of what it is that actually creates value (for a user) in the specific context. Second, it creates a continuously evolving problem and solution spaces. Unlike traditional prototypes with fewer versions, digital prototypes can have more frequent and cheaper revisions, for instance, revisions with minor feedback or features. It is, accordingly, of utmost importance for the team to assess and evaluate which feedback to incorporate and which to ignore.



Proposition 1A. 

Digital technology’s agential core yields feasible frames and recombinations of representational components in prototypes, but also brings sociotechnical complexity which challenges traditional (engineering) ways of thinking about problems and solutions.





A key stakeholder in this process of an evolving problem and solution space is the end-user. Our analysis suggests that the teams that embraced this evolving representation based on the end-users’ contextual experience were better equipped to address the changes induced by digital technology’s semiotic binding. In the project’s terms, these were the teams deemed to have achieved successful co-creation and co-evolution efforts with their stakeholders. It also brings forward the importance of starting from the users’ reality and contextual experience, as in experience prototyping (Buchenau and Suri 2000). This reality could translate to accounting for new types of requirements when designing digital prototypes, such as specific data structures. In addition, the advantages of malleability and access to recombination increase the expectations from digital prototypes and open new possibilities for value creation, such as incorporating a temporal dimension (of the user’s data) to digital solutions, since real-time or near real-time solutions are expected in certain contexts. Capturing subjective experiences and being open to unknown variables will be more challenging in digital prototyping (cf. Jensen et al. 2017). Nevertheless, these two specific dimensions of digital technology’s agential core extends our assumptions about the impact of this agency on the knowledge production processes enabled by these technologies (van den Broek et al. 2021).



Proposition 1B. 

Digital technology’s semiotic binding redraws the attention to the co-creation and co-evolution of prototypes’ representations, especially with regard to the users’ social, technical, and temporal realities.





The learning and knowledge exchange during digital prototyping also implies that a fluid, two-way translation between the physical and the digital realms may be necessary. Capturing functions and values in the physical realm to translate them to the digital one, and vice versa, are crucial aspects of digital prototypes. The two-way translation is not consistent for both directions especially for social aspects. As described in the case, it is important for the team to test assumptions from specific frames, and allow reframing, i.e., to have a result that is connected to reality (Dorst 2011). Although this translation may not always be straightforward, teams must understand the references for interpretation in both realms to make a connection. This entails that teams need the literacy of both digital and physical representations alike, in order to manage the knowledge exchange process among themselves, but also with the users (Brereton and McGarry 2000). Systematic methodologies that facilitate this process and document its impact on the prototype’s representation need to take into account these two realms and their particular differences.



Proposition 1C. 

Digital technology enhances certain aspects of reality based on, e.g., sensors and data layering, which create multiple and new references for developers to manage during prototyping.






6.2. Communication in Digital Prototyping


An important action in prototyping is to sustain and support communication between the different actors involved since communication changes and develops the representation into its desired state, and results both in new knowledge and a new offer (Maher et al. 2011). Although, the agential core of digital technology challenges this explanation. When users’ become a co-creator and when their input becomes part of the representation and value realization itself, things must change in the way the internal team allows communication. Firstly, this means that the prototype can be seen as both a boundary object and an actor with varying degrees of agency (Thompson 2016). Communication is bidirectional between two parties, or more, and our analysis shows the importance of both directions when developing digital prototypes. Secondly, users feel ownership and want to be able to affect the representation and see their own contribution. It is important to acknowledge that users have different purposes for why they give input, compared to the internal development team. They want to see how their data is used and who is using it, which, in turn, needs some level of transparency of usage and openness from the internal development team.



Proposition 2A. 

Digital prototypes change the way we communicate because the prototype itself can be seen as an actor in its development. When the user becomes a co-creator, the prototype needs to be able to convey how the user’s input is used and within what limits.





Just as the potential agency of digital technology may influence design considerations in the prototype, it also influences the process of collaboration and knowledge sharing during prototyping. As argued above, digital prototypes (and services) necessitate communication with the user on a different level compared to traditional offers. Users are co-creators in the technology’s development, they produce content to the representation, and they are recipients of the value created. The most important aspect for prototyping is that it should be founded upon shared understanding and effective communication (Wenngren et al. 2016). Insufficient interaction will lead to abstract or individual representations which eventually will lead to misunderstanding and inefficient prototyping. Having the same representation, but having different perspectives, is crucial for the prototype as a boundary object and for the possibilities of digital innovation (Rizk 2020; Star and Griesemer 1989). Hence, different perspectives must be elaborated through shared connected representations and there must be a way to support bi-directional communication in every level of prototyping, since the value is produced when the user acts upon the representation.



Proposition 2B. 

Digital technology extends the meaning of interaction between actors and digital prototyping should support two-way communication.





The ontological reversal of the digital idea innately calls for communication via the digital representation. Relying only on the (unfinished) digital representation might create misunderstanding since there are fewer possibilities to understand different individual representations, i.e., the digital representation does not communicate all the aspects of what the team wants to represent or the team does not understand the user’s context enough, etc. In this study, developers became aware of this and handled it by considering alternative interaction options, i.e., workshops, educating the user, feedback forms, etc. To not miss out on any perspectives, it is proposed that developers consider communication via all four areas, synchronous, asynchronous, digitally, and physically. Focusing only on the digital communication path, another aspect of the ontological reversal is that abstract individual sensemaking models can be more difficult to communicate to others. This may not trigger new ideas of other team members. Accordingly, there is a need to be able to sometimes use simpler means to communicate in a prototyping session than those intended (Exner et al. 2015), for example, being able to make a simple sketch in an otherwise advanced simulation in a VR-tool. These prototypes created in the virtual space must be aligned with how the team creates frames. Reflecting on such digital defaults is crucial in the teams’ communication of assumptions (Schrage 1996) and frame creation. Missing out on part of this process may lead to staleness where the team does not create new knowledge (Wenngren et al. 2016) or make too quick decisions (Leifer and Steinert 2011). Therefore, how and where that prototyping session takes place has implications for the process, i.e., the use of a co-located team in the same physical environment interacting with the same digital technology, or a separated team only connected through digital technology. Hybrid environments of these two bring other challenges, as we are witnessing in the post-pandemic workplace.



Proposition 2C. 

Developers of digital prototypes need a secondary communication path to the user for both parties to communicate their individual representations.






6.3. Motivation in Digital Prototyping


The characteristics of digital technology create opportunities in prototyping by narrowing knowledge gaps, which brings in different social actors (i.e., people) with diverse knowledge backgrounds. Such unprecedented heterogeneity, in addition to the technology’s agential characteristics, leads to social and cognitive processes that may have a new meaning in this type of “teamwork”. There may be a need to go through roles, purposes, goals, etc., more carefully to embrace this heterogeneity while ensuring appropriate accountability among participating actors. In this study, the role of the developer became more of a facilitator during the prototyping sessions, implying that traditional roles may change when the context changes, also known as re-contextualisation (Thompson 2016). This may not be problematic in cases where there are defined tasks and clear validation purposes. However, it becomes problematic for how the joint socio-technical agency enabled by digital technology may play out when the objective is explorative or seeking divergence for innovation, or when algorithmic design becomes more pervasive. Since teamwork is a highly social activity, it is important to sustain culture and social settings while at the same time promoting and encouraging more diverse roles to join in (Cross 1997). The agential characteristic may, however, problematize the concept of motivation in this context. Since it is essential for the prototype that social actors express their opinions and assumptions, as well as build on each other’s ideas and trigger each other, the motivation to communicate may vary depending on the modality of the respective actor, such as an AI, an (human) employee, or an user.



Proposition 3A. 

Digital prototypes are promoted by heterogeneous actors’ collaboration but need support in the form of facilitation and overall goals and objectives.





Prototypes develop knowledge by testing assumptions or hypotheses. Traditionally, the outcome of a prototype must be observable, i.e., there is evidence that the assumption is right or wrong. For digital prototypes, the change in the nature and timing of value realization due to the semiotic binding leads to the need for new value capturing mechanisms that are compatible with different dimensions of the digital prototyping (i.e., those that are physical, digital, live, synchronous, etc.) in a seamless manner (Rizk et al. 2020). In this study, information was often recorded in live sessions, but it may be more difficult to capture such information in other cases without deliberately mediating and accounting for it. While most relevant to the prototype user, it is the developing organization that needs to devise such a mechanism if they want to capture it (Houde and Hill 1997). A comparison to boundary objects (Thompson 2016) involves the “inscription” of needs and values in the prototype itself or the activity.



Proposition 3B. 

Digital prototyping turns the focus from fulfilling needs and requirements to value realization when testing, and developers must therefore turn the focus to a value-capturing mechanism during prototyping.





The digital prototype’s compliance with the real world is essential for actors’ trust and motivation. Factors such as technical determinism, the physical and social environment, context, malicious behavior, noise and errors, etc., play a vital roles in compliance. In this study, three areas were identified as being important for digital prototyping. Firstly, policies and agreements managing rights and responsibilities are problematic, for example, when collecting data or collaborating with another organization. Secondly, finding a balance between the privacy of the individual and the openness of data is difficult. Thirdly, the calibration of sensors and collected data is a resource-intensive activity. In the cases we analyzed, different kinds of calibration were observed. Calibration in the traditional sense relates to using new sensors or using sensors in new environments they were not designed for.



Proposition 3C. 

Prototyping is a step along the way, and while the digital realm attracts high precision and compliance, digital prototyping benefits from a gradual build-up of accuracy and resolution.







7. Conclusions


With the growing pressure to innovate and the pervasive use of digital technologies, organizations are faced with changing practices in relation to their prototyping and development. This study set off to answer the research question: How does digital technology affect the different elements of prototyping? Through our analysis, we conclude that the characteristics of digital technology have a profound impact on prototyping. Our nine propositions detail how the “digital first” practice of digitalization, the increasing of agency, and the semiotic binding that digitalization allows impact the three core aspects of prototyping: representation, communication, and motivation. Our analysis provides a foundational overview for the study of digital prototyping, but does not dive deep into all nine relationships. Instead, this study shows, by theorizing previous research and comparing it to empirical findings, emergent aspects that need to be considered when creating digital prototypes. Our propositions focus on how digital prototypes should be developed to create favorable conditions for success. The propositions help us see a difference compared to a traditional procedure as well as an understanding of the increased degree of complexity and abstraction compared to pure products or services. Our aim by doing this is firstly a theoretical contribution to evolve theoretical knowledge so that research can build on and expand this understanding. These propositions can be later used as analytical instruments in other cases in different contexts, as well as being tested using quantitative research designs.



Secondly, the contribution of this study also has practical implications with regard to managing the development of digital solutions, especially in the early stages of prototyping. Digital prototyping is shown to have dynamic and emergent properties and its development should therefore focus on socially situated and data-driven framing. It also brings forward the importance of starting from the users’ reality and contextual experience. Based on the nine propositions, we also provide recommendations for practices, as shown in Table 2. The recommendations contribute to the ongoing discourse on holistic digital transformation in three ways. First, it supports practitioners with an understanding of objectives when conducting digital prototyping activities. Secondly, it provides practitioners with a concrete analytical tool to empirically investigate cases, either holistically or more in-depth by utilizing the included set of guiding statements. Third, it may be used to analyze and explain phenomena related to prototyping activities in relation to emerging technologies.



The study also has some limitations. The nature of the study context and the diversity of the interviewed teams may account for some variations in the propositions. Further, the context of the respondents indicates that it is most likely that these propositions are most applicable for entrepreneurs, intrapreneurs, start-ups, etc., that are aiming to develop new digital services without the limitations of a large organizational structure. A continuation to test these propositions is necessary to verify their cross-contextual validity. As mentioned previously, it also tackles nine different relationships simultaneously, creating a compromise between the study’s depth and breadth. Our future research aims to execute an in-depth investigation of these relationships through both quantitative and qualitative studies by, for example, testing the impact of innovation structures in large organizations.
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Table 1. The analytical framework of this study.
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	Characteristics of Digital Technology
	Description



	Agential core
	Forms of (joint) socio-technical agency in the social context of prototyping that manifest as a result of digital technology.



	Semiotic binding
	Different actors finding new and novel ways of contextual sensemaking and value realization, afforded by digital technology.



	Ontological reversal
	Objects are first created in the digital realm then, if needed, they are physically replicated.



	Elements of Prototyping
	Description



	Representation
	Representation includes all elements that relate to the actors’ common understanding of the problem and solution.



	Communication
	Communication concerns aspects of interaction between actors, and/or the representation, which ultimately affects and changes the representation or the actors’ own mental model.



	Motivation
	Motivation concerns aspects of the actors’ willingness/ability to communicate and influence representation and/or change their own mental model.










 





Table 2. Propositions based on practical recommendations.
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	Representation
	Communication
	Motivation





	Agential core
	Design for agency
	Allow ownership
	Facilitate heterogeneity



	Semiotic binding
	Co-evolve with users
	Aim for interaction
	Test for value



	Ontological reversal
	Find the reference for interpretation
	Handle virtual ideas
	Balance accuracy and resolution
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..to find ways for people who own this data - citizens - for themselves to find ways to represent that data. So it's
about showing it to others, but also for finding ways to show it to themselves or the process for visualising is also
insightful for themselves.(R9)

Yes, it’s probably embracing our tagline, which is curating to some extent, but in a delicate way, because we're very
aware that we want to keep it open and as transparent as possible and we’re not tweaking them, apart from making
sure that they’re in the right location. (R14)

Data-driven
agency

Openness
& transparency

Accessibility

Agential core

When you're doing experimentation with digital tools with marginalised groups you might be, you know, living on
low income, single parents, time-poor, having very complex lives; it was really important for us to make sure we built
a bridge that took parents from where they started to where we wanted to go together. That is developing and
testing a new piece of artificial intelligence, which we never could have expected we could have been doing. (R3)

all
H.

We encapsulate the tweet and classify it into 4 different categories: Soccer, basketball, news or general/other sports
event. Depending on these categories an action is taken. For example, if it’s news-related, we extract location and
content. If it's about soccer, we extract more information; the two teams, time of the event, weather conditions,
traffic, location, score, and time of the tweet. (R4)

So the data is actually very noisy, and we have to use machine learning algorithms to try to cluster the data to work
out where you really are in that data. So we have the algorithms that analyse the data to try to make it cleaner and
work out start and end points, as well as different routes. (R8)

So we work in the space of quantifying air quality in cities and we have built a series of mobile sensors that have
been basically deployed at reasonable cost and can capture high quality data, thats the focus, and we want to
extend that with simulation models and new types of calibration strategies for these. So, the main value proposition
that we offer at least for municipalities customers is that we can enable them to see what is happening in the city
with very little effort. Thats the main thing that we do. (R7)

... we thought they will be accessible to designers as well as programmers, coders and data scientists. It was a bit of
a barrier to engagement for people who had a medium level of tech literacy, like us. That’s why we chose motion.ai.
We can deploy it to SMS or Facebook Messenger. (R3)

Actually the final product was the VR tool, the other [intermediary] application was just a small part of getting the
dialogue started with the citizens. It was kind of having them take pictures of places in the city, to say we are having
this space today and how could it be used better, so kind of a low key tool. (R2)

“So, it was all collected in real-time and after the walk itself, when we get back into the workshop space we did show
them all the perceptual data that’s collected at each location, so, what we did was, we showed them the perceptual
data that they had collected in each location and also showing them another screen, where we showed them the air
quality data that was collected by this small air quality sensor that we carry with us for the walk. So, then we did this
mini session where we look at real-time air quality data collected and compare it to the other sessions.” (R15)

“Yes it was part of the learning journey | guess. For that reason it was really important for us to be quite transparent
with [user group], but have a design process that held it all together and felt really safe and bounded; knowing what
we could do and what we couldn’t do. We had clear briefs, knew what was possible, and we refined that as we went
along.” (R3)

-
[ Co-creation
-
Starting from
users' reality

1 see a lot of companies actually having that data and don't know what to do with it yet. So it would be quite nice to
translate it. Translating how you should act on the CO2 emissions or the cloud burst. Or see where the rain is falling
and when it's falling, and then you can trade some actions for the people living in that area. (R2)

!

It’s that we want to engage them in this concept, and they’re part of it. That is, if we cut that out of our project, then
our project wouldn’t exist. ... | think the benefit is that it’s because of the value is created from crowd sourced data,
that has to be the premise of why people want to get involved. They’re not giving up something purely for the hell of
it. (R14)

“Yes, well, the interactive display was not something we were planning to do. ...but at the same time we noticed in
the workshops in London and Aarhus that people wanted to give their own opinion on particular matters. So we
always envisioned it to be something where the citizen owns a particular display and communicate his or her point of
view on this display. But we noticed throughout these workshops that people wanted to respond immediately in a
quick and volatile way.” (R9)

Value through
action

vy

“I think the idea that we want to get across is that, first of all we want them to feel like the things that they have
done that’s actually an output, there’s actually a result to look at and not just collecting data without knowing
what’s going to happen to it. So, we wanted to make it transparent, for them to know what type of data were being
collected, what are they seeing.” (R15)

Need for social
interaction

“So we got to that simple generation stage, we used paper wireframes, we used storyboards, roleplaying, we tested
things out really quickly and cheaply. It affected all the [user group] confidence - and our own confidence actually.”

(R3

—

They were more mental | think, like the first time you are doing something quaky, like pressing a [prototype] with a
button, and the [prototype] doesn't actually do anything, and engaging in discussions with citizens about how they
interact with stuff in the city. (RS)

That’s what we gained from a lot of knowledge from working with the partners this time, is that we’re seeing what
their needs are, whether they’re a community group, whether they're a local authority, whether they’re a business
improvement district, or whether they’re just people coming on some of the walks. They all had something to say
because they knew the city in a different way, in their own way, and that’s kind of what we want to build on. (R14)

“... 50 that's why we went to look for different angles in which we can, there are definitely different problems that
are solved by commuting together and we really needed to know which angle to play in [city].” (R6)

Localization

N

Understand the

Well, mostly because we don't know the context of the three cities. Here in [country] | also don't know the cities |
worked in or I've done experiments in, but it's easier to get acquainted with this context because you already know of
course the culture. The cultural differences were bigger than | expected. It's not a problem but yeah, it was a bigger
hurdle to take, but was also very interesting anyway. It was more the practical stuff to organise the co-creation
sessions. To invite people, to know where to find those people, to find a location, to find people that are concerned
and not concerned with the issue and to have that mix...so yeah that was the main issue. (R9)

change

Network of
actors

“So what we discussed yesterday with [organisation] that if you design new services around overcrowded homes you
could also look at other aspects around wellbeing that might give you more return in terms of your service
investment. So they really explored in terms of positive or negative correlation and they thought this is really useful
and they wanted to see more detailed information around the reasons and drivers.” (R3)

... instead of having a dot in the map you could have a square, and if you are hosting sensors on vehicles contain
people, for data protection reasons you cannot output a public pin on @ map. For geographical privacy, you know so
we cannot say there was a delivery here at this time. So what we can do is we can show some historical data as
these points, but we can't do this live because then we violate our agreement with [organisation). (R1)

Privacy of actors

“Obviously, it's difficult for people to want to share all their location data, it's a very private thing. So a couple of
weeks ago we've also added an annotation map, where they can anonymously just put different markers on the map
and say this is a problematic area. They can also connect that with GPS locations as well, if they want to login.” (R8)

“Hosting sensors on vehicles that contain people, for data protection reasons you cannot output a public pin on a
map. For geographical privacy, you know so we cannot say there is a delivery here at this time. We can't do this live
because then we violate our agreement with [delivery company] and it would violate the privacy of their drivers. So
what we can do is we can show some historical data as these points.” (R1)

So yes, the other thing that’s connected to that is the real timeliness of the data. So in our context it would be
amazing to have real time streaming data from the [pollution monitoring] stations, and not just historic data. Historic
data is useful but not that useful to us. (R7)

Then with the students, the main challenge in the first event we created, is that we used an offline channel, so we
used physical posters to gather them. But actually that event didn't gather enough students and we learned in that
moment that it would be better to go through local students organizations, and of course use Facebook, Twitter etc.
to gather more participants. (R6)

“... we have a number of data plots to understand user engagement and also data-side of analysis. But that is not
really structured at the moment. We are also not sure if that is really useful to keep some insight but as a concept we
want to keep that one.” (R3)

The problem we have at the moment is to get reliable data analysis, we need more users than those involved at the
moment....|deally, what we would have is lots of different routes all around London, and then we'd have lots of
people overlapping. And then you could see the difference between abled bodies and impaired users (R8)

“The parameters that we get from this experiment, precision scaling, is not enough. We also need to co-locate the
sensors to compare reading levels with reference monitors to find out accuracy. That is called accuracy scaling and
what we need to do with our sensors to get them to estimate actual reference value of each is understand the
difference in the way they react.” (R1)

“I think a big barrier was working with the partners and the way we expected them to be resourceful in terms of
getting their user group engoged. That was an unexpected constraint where we expected them to be able to go,
‘Yes, we’ll send out everything to-,” their users. We expected them to advise us in how they wanted us to engage.” (R
14)

Joining into a European-wide project seemed to strategically make sense because we are doing this in London
already, but the platform is developed in three cities, so if we integrate [our prototype] we already have a good

chance of expanding into other cities through the platform. (R1)

Semiotic binding

Digital twins

“The accuracy that you see is about 50 to 100 meters. But sometimes if you lose certain connection it goes to a cell
tower so then it can become 200 meters.” (R8)

Temporality of
digital reality

So the first step is putting, for example, trees, climate pond and such physical elements within the model, and the
next step is to be visualising the data, to make it more like a development tool for planners together with the
citizens... It has also been quite interesting seeing that from [other experimenters] where they have catalogued
empty buildings on the map, where in Aarhus we've had high growth these years. (R2)

Data layering

The main sort of way that we’re doing that is through our general strategy, campaigning, which we do online and
offline with other events communities. Promotion on social media to get people engaging with social media in a
positive way, by uploading pictures experiencing their environment [on tranquillity]. The map data, in which we're
trying to collect [air quality measurements), so we are merging subjective data with objective data and make a new
set of knowledge out of it.... We took our crowd sourced data points, and we put a pin through each of them
essentially, and pulled out the associated noise and air quality data from that. (R14)

Digital

interactions with
end users

S

“So | thought why don’t we make a tool that can make a use of this information? We can find patterns, location...then
we can get something out of it..we get information from sensors, from people, and other sources, then you mix
everything together. That’s what we do.” (R4)

Socio-technical
calibration

Trustworthiness

Prototype scale

Ontological reversal

L

| know that seems quite obvious, but for us to promote how to find alternative routes, new spaces, quiet spaces, it
very much takes us being able to know the city quite well, in order to show that we have value, that we can at le