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Abstract

:

This study investigates how collective intelligence emerges in crowdsourcing for architectural design. Previous studies have revealed that collective intelligence emerges from collaboration and can outperform individual intelligence. As design is a highly collaborative practice, collective intelligence plays a vital role in the design process. In this study, we compare the structure of two architectural design crowdsourcing systems using several methods. The results of the analysis suggest that design crowdsourcing systems can give rise to the following three types of collective intelligence: (1) discussive, which emerges from a conversation between designers and clients; (2) synthetic, which emerges from a parallel and sequential design development; and (3) evaluative, which is based on the wisdom of the crowd in evaluating and selecting designs. The article concludes with recommendations for collaborative design method.
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1. Introduction and Background


Crowdsourcing is an umbrella term used to refer to different information technologies used to collect or process knowledge from humans to produce a considerable information product [1,2]. In recent years, studies have documented that crowdsourcing can produce collective intelligence—i.e., a type of intelligence that emerges through collaboration—and that this intelligence through group collaboration can yield better outcomes [3,4,5,6,7]. To date, several crowdsourcing methods have emerged that allow crowds to collaborate online and produce superior information products. For instance, Wikipedia—a resource based on a crowdsourcing model where many people can contribute and edit encyclopedic articles [3,8]—has been argued to be as accurate as expert-written encyclopedias [9]. Interestingly, there is also evidence showing that, with more editing rounds, the accuracy of Wikipedia improves [10] and results in less biased articles [11].



In the present study, we focus on crowdsourcing in the domain of design—more specifically, that of architectural design. Overall, designing buildings and cities is one of the oldest human activities [12]. With the growth of cities and technological advancements, construction became more complex and involved more artists. This led to a highly collaborative environment in which the architect was in charge of the collaboration. However, during the Renaissance, a radically different approach emerged, which separated the architect from the construction site. As a result, architecture became a fine art, and architects focused on the design of buildings and produced design documents instead of overseeing the construction [13]. Architecture became similar to composing music. The composer writes music for an orchestra, and the architect produces design documents to be constructed by artists and builders. In this way, the profession and nature of collaboration changed dramatically and architecture evolved from a craft to a knowledge industry [13].



Similarly, architecture design competitions are a long-standing tradition [14]. Public architecture competitions were even a part of the Olympic Games until 1948. Such competitions start with an open call—including a design brief—inviting architects to propose designs. After the designs are submitted, a jury or the client select the winning design from the proposals. Today, architecture is a knowledge industry [15], and computing has revolutionised architectural design [16]. With the emergence and widespread adoption of the Internet, online contests have become popular modalities of architectural competitions and a form of crowdsourcing [17] that can produce collective creativity [18].



It can be argued that, in some ways, design competitions are similar to the creation of Wikipedia. Both are based on a similar principle of making an open call to a large and undefined crowd, collecting information from the crowd, and processing it. However, an important difference between crowdsourcing approaches used to create Wikipedia and those used in design contests is that, while Wikipedia’s articles are a product of a collaboration of many participants, in design contests, a collaboration between contestants is not encouraged, so the winning designs are mostly a product of one author (or team). Most of the architectural crowdsourcing websites available today are based on the traditional non-collaborative competition model [17,19]. Given that collective intelligence emerges through interaction among people [20] and correlates with the quality of communication in groups [7], the outcomes of design contests may not be a product of collective intelligence. However, more recent creative crowdsourcing systems, such as OpenIDEO, Quirky and Threadless, have been found to produce collective intelligence through a genuine collaboration of crowds [4]. These systems are called network-based systems since the crowdsourcing tasks in them are interdependent and allow for complex communication [18]. For instance, Dortheimer et al. [21] developed an experimental network-based crowdsourcing method that implements a crowdsourcing collaborative design process.



In this context, the main research questions addressed in this study is as follows: Which kinds of collective intelligence can emerge in a contest- and network- based architectural design crowdsourcing systems? In this respect, we hypothesise that, in a collaborative network-based crowdsourcing system, collective intelligence can emerge due to the interaction between the participants. Conversely, we expect that no collective intelligence would emerge in contest-based crowdsourcing systems. To test these two hypotheses, in this study we analyse workflows in two architectural design crowdsourcing systems: (1) a commercial contest-based system and (2) an experimental collaboration network-based system. The workflow structures are analysed using several collective intelligence models [4] and our own analysis. Then, we identify in which sub-processes collective intelligence can emerge. Finally, we offer a new crowdsourcing process that implements the identified collective intelligence-rich sub-processes.



The contributions that the present study makes to previous research are as follows: (1) we offer a new collective intelligence perspective on online architectural design processes; (2) we discuss evidence on a potential collective intelligence through the analysis and evaluation of collective outcomes; (3) we propose a new crowdsourcing design process that facilitates collective intelligence; and, finally, (4) we argue that previous research of design methods can contribute to the formation of novel crowdsourcing methods.



1.1. The Design Process


While crowdsourcing technology is a relatively recent innovation, the underlying workflow of the design process has been actively investigated since the 1960s [22]. For instance, in his seminal book The Sciences of the Artificial, Herbert Simon presented the design process as a search for a satisfactory design solution [23]. Simon defined design as a rational problem-solving paradigm that emphasises the applicability of design thinking to other disciplines.



The basic structure of the design process was introduced at the Design Methods conference held in 1962. Overall, scholars agreed that a systemic design process consists of analysis, synthesis, and evaluation phases [22,24]. The analysis phase includes collecting, classifying, and mapping the relationships between factors, articulating the problem specifications, and reaching an agreement. Next, in the synthesis phase, creative thinking is applied to perform partial solutions considering limitations. Finally, in the evaluation phase, the solution is evaluated by various evaluation methods. While multiple design process models have been developed since then, most of them include these three essential stages [25]. However, to date, there is no consensual design process framework [26].



Further research identified several different characteristics of the design process [26]. First, the design process was defined as a process aimed at producing something novel. Since creativity is essential for the creation of anything new, it is an integral part of the design process. In this respect, the design process resembles the creative process in cognitive psychology [25]. Accordingly, the analysis, synthesis, and evaluation phases are common to most creative process models and to design processes.



The second important characteristic of the design process is that it is iterative. Iterations are essential to progress the design, resolve problems, coordinate, and negotiate design solutions, which suggests inter-dependency of the design task [27]. Through this iterative course, new revisions emerge that either improve the design or are discarded. Accordingly, the repetitive nature of the design process provides a fundamental structure for the development of design process models [28].



The third central characteristic of the design process is that, due to the involvement of multiple stakeholders, numerous tasks, and feedback loops, the design process is also complex. With the advancement of the design process through iterations, a network of information is established [29]. This network includes data flow among different collaborators and corresponding feedback loops.



Furthermore, design problems are, in essence, ill-defined problems [30]. At the initial stage, the requirements of a problem are not all known. This makes it challenging to synthesise and evaluate corresponding design solutions. Yet, with the progression of the design process, more knowledge is produced and the problem definition becomes more precise. This gives rise to the fourth important characteristic of the design process, namely, it is exploratory, where the solution space co-evolves with the problem space [31]. In applied studies, the co-evolution model was found to be useful in describing the design process [32,33,34].



Finally, as suggested in previous research on the design process, this process can be engineered to be optimised, and coordinated [35]. Crowdsourcing technologies are based on this explicit workflow process, controlling both the input and specific outputs of each activity. Moreover, the explicit nature of a crowdsourcing process allows one to document communication among activities, measuring its performance and, consequently, optimising the production process [36].




1.2. Crowdsourcing Production Methods


Previous studies have proposed many definitions and classifications of crowdsourcing models [1,37,38,39,40,41]. These classifications were based on different parameters, such as workflow, task kind, crowd selection, incentives, validation, and outcomes of crowdsourcing methods. In this section, we review crowdsourcing workflows, task kinds, crowd selection, incentives, and crowdsourcing examples in the field of architecture and urban design.



1.2.1. Crowdsourcing Workflows


Yu et al. [18] differentiated the following three main kinds of creative crowdsourcing systems: games, contests, and networks. Crowdsourcing games can solve computational problems by engaging humans using game mechanisms, such as quizzes, and aggregating the best solutions. Furthermore, in crowdsourcing contests, participants generate solutions in parallel in response to an ‘open call’. Finally, in network crowdsourcing, the problem is divided into pieces that are solved by individual agents and then merged into a solution. All aforementioned three kinds of crowdsourcing systems generate multiple solutions by exploration in parallel. However, games and network approaches are more challenging since they require both a method to break down a task at hand into smaller tasks and a method to further consolidate the pieces into a larger product.



To address this challenge of game- and network-based crowdsourcing systems, several approaches of decomposing tasks and reassembling the results have been developed [37]. First, the Sequential workflow divides a task into sub-tasks that are then sequentially solved [42]. In this workflow, each task depends on the output of the previous task. Second, a parallel workflow divides the process into sub-tasks that can be performed independently by multiple workers, as in design contests. Third, a recursive crowdsourcing workflow is based on the idea that a task is complex and can be subdivided recursively until simple sub-tasks are formulated. Such sub-tasks can be easily performed by doing micro-tasks and then aggregating the outcomes [43]. Fourth, an iterative crowdsourcing workflow is based on the concept that complex work is improved by recurring micro-tasks [44]. The input of each micro-task is the previously created work until the work is done or the budget is exhausted. Fifth, a hybrid workflow is a combination of several workflow methods that can benefit from some advantages of careful optimisation [45]. Finally, a macro-task workflow is a crowdsourcing process for non-decomposable tasks that require expert knowledge and are largely interdependent [46].




1.2.2. Crowdsourcing Tasks


Crowdsourcing tasks are typically categorised into the following four groups: micro-, complex, macro-, and creative tasks [37]. Micro-tasks, which result from the disassembly of a large task, are typically straightforward, independent, time-efficient, and require mere reassembly and aggregation. Typical examples of micro-tasks include image classification or sentence translation tasks. Furthermore, complex tasks, such as writing a paragraph, programming a software function, or proofreading a text, require specific domain knowledge or skills. Macro-tasks, which are the third category of tasks, are large expert-level assignments like programming or article writing [46]. Finally, creative tasks are contest tasks that require expert-level skills to provide novel ideas and design new solutions. In essence, creative tasks are fundamentally not collaborative. In the field of design, creative tasks are the foundation of design contests.




1.2.3. Crowd Selection


Along with crowdsourcing workflows and tasks, other critical aspects of crowdsourcing are crowd selection and the required expertise level of contributors. In general, contributors in crowdsourcing come from the following two main groups: laypeople and experts [47]. Laypeople are large non-expert crowds that typically contribute by performing simple tasks. In contrast, experts are individuals who possess unique domain knowledge and experience necessary to solve complex problems [48]. For instance, in an architectural project, experts are architects who can design and communicate their solutions. On the other hand, stakeholders in an architectural project are laypeople who cannot be expected to produce design artefacts. However, the project stakeholders possess significant in-depth knowledge of place, environment, and culture, all of which are essential for the evaluation of design solutions [21]. Therefore, their involvement in the design process is essential.




1.2.4. Incentives


Incentives are critical in crowdsourcing and have an enormous impact on output quality. Without incentives, people will mostly not perform work. Incentives are typically categorised into extrinsic and intrinsic. While extrinsic incentives are benefits that result from performing the work, such as money, ratings, or vested interest in outcomes of a project, intrinsic motivations include enjoyment or interest that results from the task itself. There is evidence showing that, while extrinsic incentives are sometimes easier to provide, intrinsic incentives and motivation are critical to achieving good outcomes [49,50].




1.2.5. Crowdsourcing of Architecture and Urban Design


To date, various methods of applying crowdsourcing methods to architecture and design have been proposed. For instance, crowdsourcing methods were applied in participatory design to extract features for design and personal preferences [51,52]. Using parametric design technologies, it was possible to create interactive design tools to allow crowds to explore design possibilities in urban design [53] and architectural design [54]. Digital sketching software was also used to produce design ideas using various workflows [55,56,57]. However, professional architectural design has only been produced using online design contests [17,58,59].





1.3. Collective Intelligence


The first definition of the term collective intelligence was proposed by Pierre Levy [60]. According to Levy’s definition, collective intelligence—specifically, in the field of information technologies—is “a form of universally distributed intelligence, constantly enhanced, coordinated in real-time, and resulting in the effective mobilisation of skills” (p. 13). Previous research on collective intelligence is diverse and spans together many disciplines, including psychology [7,20,61], complexity and self-organisation [62], computer science [63], social sciences [64], arts [65], and crowdsourcing [3,4,6]. In all these areas, there are different definitions of collective intelligence that are specific to each of the domains. Accordingly, there is no general and consensual definition of collective intelligence. In this section, we review recent research in collective intelligence and the concept of the wisdom of the crowd.



1.3.1. Wisdom of the Crowd


While the very term collective intelligence is a relatively new coinage, the similar concept of the ‘wisdom of crowds’ has existed since Aristotle’s idea that “many heads are better than one”, expressed in his work Politics [66]. In the beginning of the 20th century, Francis Galton analysed farmers’ estimations in a weight-judging competition to find that the average weight estimation was more precise than the chance of error of each individual expert [67]. Accordingly, Galton concluded that if an appropriate aggregation method is applied under appropriate conditions, the ’wisdom of crowds’ may provide better results than those afforded by experts.



It should be noted, however, that despite important similarities, the concepts of ‘wisdom of the crowds’ and ‘collective intelligence’ are not identical. Specifically, ‘wisdom of the crowds’ is based on collecting and aggregating information from group members to produce better results, and collective intelligence is a complex phenomenon that can give rise to superior intelligence through interaction among group members [4].




1.3.2. Emergence of Collective Intelligence


The conditions that can lead to the formation of a greater degree of intelligence in groups were previously identified in several psychological studies [20]. Specifically, it was found that the most important factors for the emergence of collective intelligence are the quality of communication and diversity of group members [7]. In particular, previous studies found a strong positive relationship between the group’s average social sensitivity and collective intelligence. Conversely, when some participants were dominant in group discussions, collective intelligence was lower [20], resulting in group-think [68]. This evidence suggests that central factors that predetermine the emergence of collective intelligence are the availability of the communication network among group members, members’ diversity [68], and their social sensitivity [7].



Since collective intelligence is related to communication, the communication network has an important impact on collective intelligence. There is also evidence that good communication is essential for group members to see, copy, and improve ideas [7,68]. However, such communication may have unintended consequences because ideas tend to converge in the early stages, thus reducing the group’s diversity of viewpoints and collective intelligence performance [68,69]. It has been suggested that intermittent breaks in communication improve group collective intelligence [70].



On creative crowdsourcing websites, two significant modalities of collective intelligence and wisdom of the crowd were identified [4]. The first one is through ‘discussion’ that consists of multiple textual expressions on the micro-level and then develops into a discussion on the macro-level. Such a discussion may result in the emergence of consensus. The second modality is through votes and ratings on the micro-level that later, through aggregation, form a crowd opinion on the macro-level.



Van Du Nguyen and Ngoc Thanh Nguyen suggested the following three measures of collective intelligence in crowdsourcing in estimation tasks [68]: (1) the distance from the collective estimation to the proper value; (2) the number of times when the collective prediction is better than individual predictions; and (3) the quotient between collective error and individual errors. Several experimental studies tested group problem-solving activities compared different group variables to identify which of these factors affect performance [7,20,71]. Furthermore, design collaboration studies measured performance using advertisement click rates [72], novelty measure [73], or subjective evaluations [74,75]. In addition, architectural design has been used in collective intelligence studies as a carefully designed optimisation problem by using a set of building blocks [20,76]. However, evaluating realistic architectural designs is a much more complex, situated, and subjective task. We will address this challenge in the next section.






2. Materials and Methods


In this study, we seek to identify a mechanism that can produce collective intelligence and wisdom of the crowds in architectural design crowdsourcing systems. To this end, we compared the performance of Arcbazar, a commercial architectural contest-based crowdsourcing website [58], and Architasker, an experimental architectural network-based crowdsourcing software constructed and described by Dortheimer et al. [21]. The comparison is based on the analysis of experimental data we previously published elsewhere [77]. These data are useful to learn how the system workflows in the two systems are designed and performed. In the remainder of this section, we first provide a short description of the two systems and then explain how they were studied.



2.1. Contest-Based System


Arcbazar is a commercial architectural competition crowdsourcing website. The website provides a platform for online design contests that are mostly based on a single cycle. Design artefacts are submitted by designers and are later rated by other designers. The 1st, 2nd, and 3rd prize winners are awarded a monetary prize, as determined by the client. However, the client has complete control over the final decision and rating.



To learn how Arcbazar works, we analysed data from a preliminary experiment reported elsewhere [77]. The contest data, including the entries, design brief, questions and answers, and analytical data, are publicly available on the website (see https://www.arcbazar.com/urbanism-plaza-design/competition/design-a-major-public-square-in-jerusalem-israel, accessed on 23 December 2021) The design contest was launched on 29 June 2018, to document the design process and the crowdsourcing model. The contest brief was taken from another architectural design competition brief for designing the ‘Safra Square’ in Jerusalem (see https://www.isra-arch.org.il, accessed on 23 December 2021). The design brief on Arcbazar included the following information: (1) contest terms (payment, winning, and credit); (2) contest goals; (3) project objectives; (4) possible intervention points; (5) tips from the client (i.e., a list of suggestions provided in the original contest brief); (6) a list of notable buildings in Jerusalem; (7) current situation; (8) historical situation; (9) physical description; (10) 28 selected images of the compound; (11) 10 different maps of the area from the municipal website; (12) a 3D area-model; and, finally, (13) the requested architectural artefacts. The total project budget was 1150 USD distributed as follows: 600 USD for 1st place, 300 USD for 2nd place, and 100 USD for 3rd place, while the website fee was 150 USD. The contest produced four designs.



During the time when the project was active on Arcbazar, 25 designers signed up, 13 more saved the project, but only four proposals were submitted. From 1–31 July 2018, the designers worked on their design and could post questions on a public wall (Q&A phase). Seven designers asked eight questions on the competition wall (see Figure 1). Two questions were related to the design requirements, and six further questions were related to technical issues such as submission deadline, 3D model file format, and the required artefacts. The client published 14 messages answering questions and providing more information. Since the wall is public, the website has a “wall etiquette” message discouraging the designers from discussing individual designs, reviews, or non-related topics.



As mentioned above, after the submission deadline, four designs were submitted. These submissions included multiple images with 3D renders and textual descriptions. This was followed by a public voting session with the participation of several designers, who collectively produced 175 votes. The designs were rated with several statements on a scale from 1 to 7 (see Figure 1). After the voting session, Design 2 received the highest average rating from 13 voters, while the other three designs received lower ratings from fewer voters. Finally, the client chose Design 1 for the 1st place, Design 2 for the second place, and Design 3 for the third place.




2.2. Network-Based System


Architasker is an experimental crowdsourcing software developed by Dortheimer et al. [21] (see Figure 2). The software was developed over two student design workshops at Tel Aviv University. The first workshop aimed to develop the software, while the second workshop’s goal was to evaluate the performance of the developed software. In the present study, we used the experimental data from the 2nd workshop, which included one design project, 10 experiments, and 81 design artefacts.



A total of 17 people participated in the design process. Of these, nine were second- to fifth-year architecture students at Tel Aviv University who performed as crowdsourcing workers, and eight participants were professional architects. Among the students, three were in their second year, four were in their third year, one was in their fourth year, and one was in their fifth year. To minimise the potential effect of the workshop’s academic requirements on the results, the students were graded based on their attendance and the number of completed micro-tasks. Professional architects were recruited from the ‘Upwork’ freelance website to participate in several tasks for varying financial compensation.



Architasker’s design process started with a design brief that included background information, design requirements, and a 3D CAD model of the area. Several tasks were then assigned to the workforce (i.e., designers, clients, and project stakeholders). The tasks were organised in the following three task sets: design tasks, selection tasks, and review tasks. Each task set included redundant tasks performed in parallel, all of them to be adjourned before moving forward to the next task set.



The first task set included design macro-tasks. For these tasks, designers were provided with the project brief and the 3D model of the planning area. A typical task provided output examples to help obtain necessary results and all steps that had to be followed to complete the task. In advanced design iterations, designers were also provided with previously created artefacts to improve and transform. Furthermore, reviews were presented, along with the artefacts for the designers to relate to. The output of design tasks varied and could include sketches, as well as 2D and 3D CAD files. Overall, the output of design task sets iterated among hand-drafted sketches, 3D models, and 2D plans.



The second task set consisted of selection micro-tasks. Participants who performed these tasks could be clients, designers, or other project stakeholders. After inspecting the artefacts, the participants were asked to select one artefact that they thought to be the best solution. After all selection tasks in the set were completed, the unselected artefacts were removed, along with at least 50% of the lowest-rated artefacts. The output of the task set was usually one to three artefacts that allowed for further development of different design solutions. The participants provided 54 votes in 10 iterations.



The third task set included review micro-tasks during which textual feedback to the previously selected artefacts was generated from clients, project stakeholders, and designers. The reviews were generated by presenting an architectural artefact to the participants and asking them to answer the following question: “How would you improve this design?” The collected responses were added to the specific artefact object and provided again for a subsequent improvement design task. These tasks were also completed by the participating workshop students, who generated 1642 reviews, with an average of 174.33 reviews per design iteration and 19.13 reviews per artefact over the course of the workshop.



The design brief was as follows: “A new desert tourism centre needs to be planned. It will be used by visitors and residents of the area. The building will be located near the village ‘Idan’, in the northern Arava desert in Israel. The building should have a store that will sell drinks, food, various products for travellers and provide travellers with information on the routes and businesses in the area. The building will be located at the village gate.” The project objectives were to create (1) a place to refresh before and after trips; (2) a meeting place for the local community, and (3) a source of tourist information. The design brief additionally included a list of project stakeholders, site location, an interactive map, business requirements, user requirements, and technical requirements.




2.3. Data Analysis


The research framework we used to compare Arcbazar and Architasker was similar to the one previously proposed by Salminen [4] (see Figure 3). Based on Salminen’s conclusions, in order to identify and compare the structure and the emergence of collective intelligence in the analysed systems, we used two analysis tools: the collective intelligence genome and the complex systems approach. We added collective design development analysis, where a participation index is calculated and measures the distance between collaborative and individual performance. Finally, based on the results of the analysis, we suggested an improved crowdsourcing design process that could arguably facilitate a more collective intelligent process.



2.3.1. Collective Intelligence Genome


The collective intelligence genome [6] is a simple classification system to differentiate between different collective intelligence systems. This system helps one to understand and compare the systems’ processes through, first, identification of different phases of production and, second, answering four design questions.



The first question is the goal and what is being done. The possible answers are ‘Create’ or ‘Decide’. Create means that something new, such as a text or a design, was generated. ‘Decide’ means that the phase aimed to select something, such as a contest winner. The second question is who the staff performing the activity are. This question also has two possible answers: ‘Crowd’ or ‘Hierarchy’. ‘Crowd’ here refers to a group of undefined participants, while ‘Hierarchy’ denotes organisers of the process. The third question concerns the incentives and the reasons why actors get engaged in the design process. This question has three possible answers: money, love, or glory. The fourth and final question is related to the structure of the production method—that is, how is it done? The possible answers are collection, contest, collaboration, voting, averaging, and consensus.



Based on the collective intelligence genome, we created workflow diagrams that explain what input was provided and what information was generated at each step. These diagrams helped to identify the communication network that may produce collective intelligence.




2.3.2. Collective Intelligence Complex System


The second analysis method that we used to identify a possible emergence of collective intelligence was based on a complex system approach [62]. Such systems are adaptable and capable of self-organisation, and collective intelligence can emerge under certain conditions.



For the present analysis, we used Schut’s [62] complexity-based model to identify systems with potential emergence of collective intelligence. Schut’s model is based on the notion that collective intelligence is an emergent phenomenon on a system level that results from an interaction among agents. Shut’s model includes the identification of the following two sets of properties: (1) enabling properties and (2) defining characteristics.



Enabling properties, which include adaptivity, interaction, and system rules, are essential properties for the emergence of collective intelligence systems. Adaptivity means that the system is capable of adjusting its structure to a changing environment.



Interaction is thought to occur when there is communication between agents in the system, which enables adequate response to different behaviours. System rules are logical conditions that restrict and adjust information, e.g., task instructions. Since humans are complex agents in crowdsourcing systems based on communication and have explicit rules, enabling properties can be observed on many crowdsourcing websites [4].



Furthermore, defining characteristics are properties that can be recognised in complex systems with collective intelligence. Among others, defining characteristics include local (user) aggregation, global (system) aggregation, randomness, emergence, redundancy, and robustness.



Local aggregation occurs on the individual level, for instance, when a crowd worker composes something creative, such as a review or design. Global aggregation is the ability of the system to adapt itself in response to its environment. In crowdsourcing systems, global aggregation is the sum of votes or a collection of reviews. Furthermore, randomness is a typical element of complex systems identified when there is some random behaviour. For example, in crowdsourcing systems, rated items can be displayed in random order.



Next, emergence refers to the process of local-level aggregations that result in a global level of adaptivity. Whenever emergence occurs, the whole is larger than the sum of its parts. Emergence is the most challenging property in crowdsourcing systems since crowdsourcing involves humans with different behaviour each time, which makes it difficult to predict emergence. Furthermore, redundancy refers to instances when the same information exists or emerges in several places, as when several workers perform a task in parallel. Finally, robustness is related to redundancy and means that, even though some parts of the process can fail, the system will continue to function. For instance, a crowdsourcing system needs to be able to cope with cheaters who perform tasks to get a reward and produce inadequate data.



While most of the parameters briefly reviewed above are observed on many crowdsourcing websites, a significant parameter to identify the emergence of collective intelligence is the local-global aggregation parameter [4]. Both crowdsourcing design systems we analysed are adaptive since they can receive different design challenges and act on them accordingly. They are also interactive and facilitate communication among agents. Finally, there are different rules and constraints, such as restricting votes or participation, in both systems.



In addition, due to human participation, with different individuals involved in each specific case, both systems are characterised by randomness. Similarly, both systems are redundant since all micro-tasks are performed multiple times by multiple people. Finally, the redundancy of the two systems makes them robust so that failures on individual tasks do not lead to system failure. Accordingly, our subsequent analysis focused on the local, global, and emergence parameters.




2.3.3. Collective Design Diversity


Next, we analysed the diversity of design outcomes and produced design development diagrams. Along with documenting the artefacts produced in each design iteration, these diagrams specified which artefacts were selected for further development, showed the dynamics of the design development, and identified how many designers were involved in creating the outcomes.



In order to quantify the level of participation in the resulting design artefact, i.e., the number of unique contributing agents whose designs became part of the final product, the participation index was used. This index allowed us to better understand the level of collaboration, compare collaborative processes, and trace the diversity of contributions over time. Overall, the participation index is a measure of contribution diversity that suggests the potential for the emergence of collective intelligence.



In the present study, the level of collaboration was defined with simple participation index D for an iteration i (see Equation (1)).


    D i  =  n c  − 1   



(1)




where    n c    is the number of contributors (unique participants whose product is actually in the design). Of note,    n c    depends on the n, the total number of participants, and i, the number of iterations, since the contributor number cannot be higher than the number of participants or the number of iterations.


    n c  ≤ m i n  (  [ i , n ]  )    











In the network-based crowdsourcing system, we assumed that the designers would have different skill levels within our heterogeneous group of students and professional architects. Therefore, we hypothesised that some individuals among our study participants would possess better design skills and knowledge. Accordingly, we expected that these individuals’ artefacts would be selected more frequently during the design process and that the results would contain the contributions of the best few designers.




2.3.4. Collective Design Measurement


Measuring the emergence of collective intelligence requires a quantitative assessment of the quality of design artefacts produced by various participants during the design process. Since, as discussed previously, architectural designs evaluations are subjective, in the present study, we asked three experts to provide a quantitative evaluation for each artefact. These three experts were professional architects with advanced (Master or Ph.D.) degrees in architecture and experience in educating architecture students. The experts were asked to carefully inspect and then rate the design quality of each artefact on a scale between 1 and 10. The three architects did not know the participants and were affiliated with different universities. The experts’ ratings were then normalised, and an average expert score was computed for each artefact.



Following Nguyen and Nguyen [68], based on the experts’ evaluations, we computed the following two collective intelligence measures: (1) the distance of the collective prediction from the proper value and (2) the number of times that the collective prediction was better than individual predictions.



For the first measure, we computed the distance of the collective product from the maximal experts’ score. This was done by calculating the distance of the average quality of the selected artefacts from the highest-rated artefact in each iteration. Since there were several selected artefacts in each iteration, we computed their average distance from the highest-rated artefacts for each iteration. The smaller the distance was, the better the collective performance was.



Given a collective    X = {  x 1  ,  x 2  , … ,  x n  }   , which represents individual artefacts, r are the best artefacts and    x *    is the collective prediction; in the present study, the distance between the maximal experts’ score and the collective produce was defined (see Equation (2)).


   D i f f  ( X )  = 1 − d  ( r ,  x *  )    



(2)







The second measure was based on the number of times when the collective performance was better than the performance of individual designers. We calculated the same average distance from the highest-rated artefacts for each participating designer. This was followed by comparing the average collective distance with the average distance of each designer. A smaller distance was assumed to indicate improved performance. If an individual distance was smaller than the collective distance, we interpreted it to mean that an individual performed better than the group. Finally, we also counted the number of designers whose individual performance was higher than the collective value.



Finally, based on the analysis of both crowdsourcing systems, we proposed an improved design process that can facilitate the emergence of collective intelligence in the design process.






3. Results


In this section, we report the results of our analysis of both design crowdsourcing systems.



3.1. Collective Intelligence Genome


In the first analysis, we identified the phases and structure using the collective intelligence genome framework [6]. The contest-based system’s genome is shown in Table 1. As can be seen in Table 1, the contest-based system’s structure consisted of five phases, where the client (hierarchy) created the challenge (1) and decided on the winner (5). After creating the challenge, the three subsequent phases involved the participation of a crowd of designers.



First, in the Question and Answers (Q&A) phase, the designers asked the client clarification questions about the requirements (2); accordingly, the client’s responses led to the creation of a collection of answers. In the next step, complete designs, including numerous architectural artefacts, were anonymously and privately submitted to the client (3). The outcome of this phase was a collection of designs. The submission process was followed by a week-long rating phase when all submitted designs were made public, and all non-participant website designers were able to rate the designs (4). In addition, the client could invite friends and family to participate in the rating phase. This phase produced an average design score that was visible to everyone. Finally, the client received crowd ratings and selected the winners (5). During the winner selection process, the client was not obliged to take into account crowd ratings.



The results of our collective intelligence genome analysis of the contest-based system provide insight into the design process. Specifically, we identified three different sub-processes that involved the crowd producing new information products. First, the questions and answers collections were produced through the interaction between the crowd and the client. The wall served as a shared memory that helped other designers that had similar questions. Second, a collection of designs was produced in parallel, i.e., without any interaction among the designers. Third, a crowd opinion was formed by averaging the crowd’s ratings.



Figure 4 shows the design process workflow of the contest-based system. As can be seen in Figure 4, most of the process was linear and included challenge, design, rating, and selection. Thus, the Q&A phase, which occurred during the design phase, included a form of a feedback loop through the shared memory of the wall, which has the potential for complex behaviour and emergence.



The network-based system’s genome starts with a phase similar to the “challenge” phase on the contest-based system (see Table 2). The client provided a brief of the project, which did not involve the crowd (1). In the next phase, the designers, in parallel, produced concept design artefacts that formed a collection of artefacts (2). This process was similar to the contest-based system’s process that started with a design brief and a parallel design process. Of note, the design task on the network-based system was considerably shorter and aimed at producing a napkin sketch instead of a complete design solution. The next step was voting: the project stakeholders voted on artefacts and, by aggregating the votes, decided which of these artefacts would be further developed (3). In the subsequent review phase, project stakeholders created a collection of reviews for each selected artefact (4). A stopping condition at this point was when the client (hierarchy) could decide that further improvements were still required and the process could adjourn (5). Upon the continuation of the process, the selected artefacts and reviews became the input of an artefact improvement phase (6). During this phase, the designers created a new and improved collection of artefacts based on the reviews. Finally, the improved artefacts became the input of the selection phase again, forming an iterative process.



Figure 5 shows the design workflow of the network-based system. While the design process started similarly to the contest-based system, it iterated between design (generation or improvement), selection, and review phases. This iteration used the artefact and reviews as input for the subsequent phase as shared memory, and forced collaboration, and produced a feedback loop. However, unlike in the contest-based system, there was no possibility for the crowd to form a discussion.




3.2. Collective Intelligence System


In the second analysis, we focused on collective intelligence systems [4,62]. As discussed previously, the local–global aggregations that provide an opportunity to evaluate the emergence of collective intelligence are important indicators in this respect.



The summary of the analysis of the contest-based system is presented in Table 3. The analysis of the contest-based system revealed the potential emergence of collective intelligence through the Q&A (1) sub-process. Individual questions with client answers were aggregated into publicly accessible collections. Such a discussion improved the project’s requirements and could have the potential to result in a consensus that previously has not existed. The results also revealed that the average crowd ratings formed a new crowd opinion that also did not previously exist. The aggregated votes were a kind of ‘wisdom of the crows’, and the Q&A signalled the emergence of collective intelligence.



However, the design sub-process (2) produced a new collection of designs. The sub-process had no mechanism of aggregating or filtering them to produce a consensus. While it produced new information, it missed the emergent property that is essential to form collective intelligence. The artefact development tree of the contest-based system shows that the produced artefacts were the product of a single contest participant (see Figure 6).



Furthermore, the results of our analysis of the network-based system revealed that the network-based artefacts (1) and reviews (2) were created as collections that, in themselves, did not produce an output that could suggest the emergence of collective intelligence or wisdom of the crowd (see Table 4). However, the selection process aggregated individual selections to a crowd opinion that is a form of wisdom of the crowd. Moreover, the iterative improvement sequential micro-task provided the previously created artefacts to the designers for further development. As the process continued, more and more designers contributed their skills and expertise to the collectively produced artefacts.




3.3. Collective Design Diversity


The design artefact development diagram in Figure 7 helps to identify whether the produced artefact resulted from a collective effort. The number of produced designs and the participation index are summarised in Table 5. Interestingly, the resulting artefact after 10 design iterations was a product of six designers (   D = 5   ). The work of Designer 9 was selected three times; that of Designers 10 and 4 was selected twice each; and that of Designers 14, 18, and 8 was selected once each. This means that the work of six out of 18 designers was included in the final results, as compared to one contributor (   D = 0   ) in the expected results from the contest-based system.



A different look at the process, instead of the resulting artefact, revealed that nine designers’ artefacts were selected during the design process. Furthermore, the artefacts produced by Designer 9 was selected four times; those of Designers 3 and 4 were selected three times; those of Designers 10 and 14 were selected two times; and, finally, those of Designers 2, 8, 13, and 18 were selected once. This result supports our hypothesis that the artefacts of these designers would be more frequently selected in a group with individuals possessing different design skill levels.



Considering that some of our participants had superior design skills, we anticipated that the final output would consist of the contributions made by these expert designers. Interestingly, however, considering that the possible maximum was 10, the results also showed that the final artefacts were joint products of six (    n c  ≤ m i n  (  [ i = 10 , n = 17 ]  )    ).



As can be seen in Table 5, the number of contributors increased when the process started and, after the seventh iteration, it became fixed. In the eighth to the tenth iterations, no new contributors were added, meaning that a group of highly skilled crowd workers emerged from the process, outperforming the remaining participants. Since the design process is redundant, and it is expensive to pay for work that might be discarded, a group of skilled workers can be identified, while the rest of designers can be removed. However, further research would be needed to understand how reducing the number of designs in later stages of the process would affect the quality and performance of the process.




3.4. Collective Design Measurement


Table 6 shows both individual and collective average expert ratings and average distances from the highest-rated artefact, as well as the number of artefacts produced by each designer. The average distances were calculated following [68] based on expert architects’ evaluations. The average distance was the difference between the highest-rated artefact in a specific iteration and the artefact produced by a designer. The collective average distance was the average distance of the artefacts selected by the participants to be further developed in each iteration. The smaller the distance was, the more accurate the artefact was.



The results revealed that the collective distance was    0.28  , suggesting that a group outperformed each individual participant. This was a surprising finding because in the previous analysis the participation index settled on 5, and we expected one of those participants (i.e., Designers 8–10, 14, 18) to demonstrate a stable performance superior to that of the group. Furthermore, the collective distance demonstrated an improvement trend throughout the design process.



Additionally, the results show that until the 9th iteration, there were between two and three designers with better individual performance than the collective performance, specifically Designers 3 and 10. Their higher performance can be explained by the fact that they were both senior students. However, on the 10th iteration, Designers 3 and 10 under performed, and the collective score was overtaken. Moreover, as mentioned before, the artefacts of Designer 3 were selected three times during the design process. However, the resulting artefact did not include even one artefact produced by Designer 3, suggesting that the collective process is not an outcome of the most senior designers but offers a more diverse process to include designers’ ideas with various skill levels.



Furthermore, during iteration 6, the crowd selected the design artefact with the lowest expert rating. However, while the artefact was rated low, the crowd identified it to have unique qualities. Once the design was improved on the seventh iteration, the resulting artefact was evaluated as the highest by the experts since it solved architectural programme issues. Consequently, it became a part of the design process outcome.





4. Discussion


Our analysis of the two architectural crowdsourcing systems revealed potential processes that could drive the emergence of collective intelligence and wisdom of the crowd. Specifically, we identified the following three kinds of mechanisms: (1) online design discussions, such as questions and answers, which can produce collective intelligence; (2) sequential design improvements, which can produce a collaborative design; and (3) voting and rating of designs, which can give rise to the wisdom of the crowd. These observations were supported with empirical evidence showing that the crowdsourcing process performed better than individual designers. Based on these results, we proposed an improved collaborative design process.



4.1. Design Discussions


Previous research has documented that design discussions may be useful to produce collective intelligence, explore the problem space, identify design ideas, and evaluate design solutions [4]. For design requirement clarifications, the contest-based system used an online discussion using a “wall” as collective memory. However, since the design process is based on a contest, the participants were discouraged from sharing their design ideas or developing discussions to limit the possibility of copying ideas. This makes sense in a competition, and the competitors were unwilling to provide their competitors with an advantage by sharing their ideas. Consequently, due to competition, collective intelligence did not emerge.




4.2. Sequential and Parallel Design Development


Through the network-based crowdsourcing system analysis, we identified potential collective intelligence emergence through the iterative design process. This was supported by evidence that, after 10 design iterations, the collective distance measure outperformed the individuals’ distance measure. The final design, produced by six different designers, was diverse. Based on these findings, it can be concluded that the iterative hybrid workflow (sequential and parallel) can produce a design that is a product of collective intelligence (see Table 6 and Figure 8). Accordingly, the outcomes of the network-based crowdsourcing system are arguably similar to those produced by Wikipedia contributors, where several authors sequentially improve the outcome and conduct discussions.



The iterative process facilitated a feedback loop, which is an essential quality of collective intelligent systems [4,62]. The feedback loop exposes all produced artefacts to the designers, allowing them to reflect on their designs and merge features from other designs into a new artefact. Therefore, each generation of artefacts is based not only on the best artefacts previously selected by the crowd but also on a possible combination inspired by other designers. Such production of artefacts based on various kinds of collaboration is not possible in contest-based crowdsourcing systems.



Another essential aspect is the parallel exploration that can improve collective intelligence as an integral part of the hybrid workflow. Previously, breaks in the interactions were reported to improve collective intelligence [70] because, in a well-connected social network, social influence can undermine the wisdom of the crowd [69]. Therefore, parallel design tasks followed by sequential improvement would produce a higher degree of collective intelligence than in the case when parallel tasks are not performed collaboratively.



One of the questions that arises from an analysis of design development dynamics is the convergence of design and the establishment of the design contributor group. On the one hand, a design process aims to produce a monovalent solution, so there must be a convergence of the design into a single solution. On the other hand, there is a risk that an early convergence of design is an expression of group-thinking that reduces the crowd’s collective creative ability. Unfortunately, the data from this study are not sufficient to study this phenomenon. A rigorous study is needed that compares different communication modalities, varying participant group sizes, and the convergence of the process, as discussed further in the future research section.




4.3. Evaluation and Selection


Selection and rating processes are challenging in the domain of design—an area where there are no “correct” answers and where one would rather talk about a good ‘fit’ [23]. In addition, design evaluation may considerably vary even among experts. In this context, it is pivotal that the votes of the crowd make sense and help bring forth the fittest designs.



In our results, we observed that both systems used ‘wisdom of the crowd’ rating and voting mechanisms. These mechanisms are straightforward to implement and helpful in evaluating and selecting the best designs. However, in both crowdsourcing systems, the limitation of the critical selection tasks was that these tasks are susceptible to abuse, bias, or cheating. According to our findings, both systems addressed these challenges. In the contest-based system, these challenges were mitigated since the rating did not directly affect the process outcome. Instead, the rating was provided to the client and served as a recommendation for the client’s selection of winners.



In the network-based system, another approach that could facilitate a higher degree of collective intelligence was used. Specifically, the selection sub-process resulted in a selection of several design artefacts rather than just one winner. By retaining several artefacts, the design process became more diverse, allowing for the parallel exploration of several options. Such diversity is essential for the emergence of higher collective intelligence [20]. Finally, in both systems, a selection of designs was given to the client or project stakeholders, who would then live with the consequences of their decision.




4.4. A New Crowdsourcing Design Workflow


Crowdsourcing workflows can considerably benefit from design methods research. Creative crowdsourcing systems [4,8] consist of a workflow that can be distinctively divided into several sub-processes connected and governed by algorithms regulating the input, output, and execution of those sub-processes. Researchers can experiment with different creative workflow processes using crowdsourcing, measuring, and optimising their performance [36]. This, in turn, can produce computer systems that manage crowds, thus producing design and other outcomes of superior quality.



Based on the results of the present study, we proposed a new collaborative “Design Method”, which can be implemented as a crowdsourcing design workflow process. Specifically, we argued that an iterative process consists of the following three iterative sub-processes: (1) discussion, (2) parallel design synthesis, and (3) selection (see Figure 9).



	
In the discussion stage, designers share ideas about design requirements and potential ideas. Since discussions are performed in natural language (rather than sketches), they allow project stakeholders and clients to better articulate design requirements with the assistance of the participating designers. The output of this stage is a conversation that can be summarised into an improved design brief.



	
In the during parallel synthesis, designers produce sketches and diagrams of artefacts providing a solution to the design problem based on the design brief. This exploration should yield a diversity of preliminary design sketches for further discussion and elaboration. To ensure the diversity of the proposed design solutions, the designers should work in parallel, i.e., with limited communication among them. The outcome of this stage would be a collection of design artefacts.



	
In the selection stage, design artefacts are subjectively evaluated by the project stakeholders and designers to identify the most promising designs. The most straightforward way to select designs is by voting on the best designs. The aggregated votes would then help to identify the designs that should be removed from the process, leaving a sub-set of the fittest designs to allow diversity.






Once the sub-process adjourns, it restarts with a new discussion where all project stakeholders and designers would provide, in open discussion, both ideas for the improvement of and a critique of the selected design artefacts. Thereupon, the review conversation and artefacts would be provided to the parallel synthesis phase again. The process would adjourn by an external process manager’s decision when the process was exhausted.



The components of the proposed collaborative design process are similar to those of the “systematic design process” Jones presented in 1962 at the Design Methods conference [24]. In addition, it can be argued that the proposed process implements Maher et al.’s co-evolution model, which explores the problem space and the solution space iteratively [31]. In the presented process, the problem space is adapted at the discussion sub-process, while the solution space is explored at the parallel synthesis and selection sub-processes.



The aforementioned collaborative process can potentially offer better performance than a contest. First, it involves project stakeholders who navigate the creative process, thereby offering a democratic method of participatory design. Second, it allows many designers to participate without any financial risk involved in participating in a competition. Third, it is scalable and allows many people to participate and improve the design, contribute their intelligence, and make the process more diverse and democratic.




4.5. Limitations


The present study has several limitations. First, expert evaluations performed on this study were subjective, which limits the reproducibility of our findings. Second, since no collective intelligence measuring method for design is available yet, we adjusted collective intelligence measures from previous studies that measured crowds’ ability to predict variables.




4.6. Future Research


The present study leaves several open questions that should be addressed in further research. For instance, in the present study, we did not compare the design quality obtained via a network-based crowdsourcing system with the outcomes of a contest-based system. While our results indicate that the collective performed better than the individual participants, it remains to be established whether such a collaborative outcome would be superior to an outcome of a contest. Furthermore, in future research, the new crowdsourcing workflow would need to be measured, and the impact of discussions on the quality of the outcomes of the design process would need to be evaluated. To this end, in our further research, we plan to compare the network and the contest-based crowdsourcing systems by providing them with an identical design brief and evaluating the outcome design quality by specialists.



Additionally, the results showed that the participation index converged after several iterations, which raised research questions. Future research will investigate the relationship between the convergence and the emergence of collective intelligence and identify the various parameters that affect the convergence (such as the number of participants and number of iterations). A study of this nature will also identify the minimum number of participants required to achieve collective intelligence and the minimum number of design iterations when collective intelligence occurs.





5. Conclusions


The present investigation is one of the first studies to explore the emergence of collective intelligence in crowdsourcing for architectural design. Specifically, we compared manifestations of collective intelligence in two architectural design crowdsourcing systems: a commercially available contest-based crowdsourcing system and a network-based collaborative design crowdsourcing system. Previous research on collective intelligence in crowdsourcing systems revealed that collective intelligence manifests itself via different kinds of discussions and voting. In this respect, our findings showed that architectural design crowdsourcing systems could successfully exploit the wisdom of the crowd with voting micro-tasks for design evaluation. Moreover, we also observed that network-based hybrid (parallel and sequential) workflows could produce collective intelligent products. Overall, collaborative network-based crowdsourcing systems are promising tools that can be effectively used to integrate project stakeholders’ knowledge into different parts of the design process and thus produce genuinely collaborative designs.
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Figure 1. Arcbazar’s screenshots: Arcbazar’s homepage (left). Project discussion wall (centre). Design rating interface (right). 
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Figure 2. Architasker’s screenshots: Design brief screen, with links to local websites in Hebrew (weather, tourism, map, and community) (left). Task instructions and upload form (centre). Artefact voting screen (right). 
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Figure 3. Research process diagram [6,62,68]. 
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Figure 4. Contest-based system’s workflow actor diagram. The design, question, and answer phases appear in bold as they create a feedback loop. 
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Figure 5. The network-based system’s workflow diagram. The design, selection, and review phases rarely appear in bold as they created a feedback loop. 
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Figure 6. Contest-based system’s artefact tree. Each artefact has a number that identifies a specific designer. 
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Figure 7. Architasker’s artefact tree. Each artefact has a number that identifies a specific designer. The artefacts are ordered in rows representing the corresponding design improvement iterations. 
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Figure 8. Hybrid design crowdsourcing development workflow. Design is explored in parallel in the artefact generator processes. The artefact generator outcomes are filtered in the selection process. The best artefacts are again provided to a sequential artefact generator process. 
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Figure 9. The new crowdsourcing design workflow. The process is made out of discussion, parallel design synthesis, and selection sub-processes. 
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Table 1. Collective intelligence genome of the contest-based system.
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	Phase
	What
	
	Who
	Why
	How





	1. Challenge
	Create
	Brief
	Hierarchy
	Extrinsic
	Hierarchy



	2. Q&A
	Create
	Challenge clarification
	Crowd and Hierarchy
	Extrinsic
	Collection



	3. Design
	Create
	Designs
	Crowd
	Extrinsic
	Collection



	4. Rating
	Create
	Average scores
	Crowd
	Intrinsic
	Averaging



	5. Winner selection
	Decide
	Improved artefacts
	Hierarchy
	Extrinsic
	Hierarchy
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Table 2. Collective intelligence genome of the network-based system.
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	Phase
	What
	
	Who
	Why
	How





	1. Challenge
	Create
	Brief
	Hierarchy
	Extrinsic
	Hierarchy



	2. Artefact generation
	Create
	Artefacts
	Crowd
	Extrinsic
	Collection



	3. Selection
	Decide
	Selection count
	Crowd
	Extrinsic
	Voting



	4. Review
	Create
	How to improve the artefacts
	Crowd
	Extrinsic
	Collection



	5. Stopping condition
	Decide
	Best design
	Hierarchy
	Extrinsic
	Hierarchy



	6. Improve artefact
	Create
	Improved artefacts
	Crowd
	Extrinsic
	Collection
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Table 3. Local–global defining properties of contest-based system.
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	Local
	Global
	Emergence
	Kind





	1. Q&A
	Question and Answers collection
	Consensus
	Collective Intelligence



	2. Design generation
	Design collection
	No
	



	3. Individual vote
	Aggregated votes
	Crowd opinion
	Wisdom of the Crowd
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Table 4. Local–global defining properties of the network-based system.
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	Local
	Global
	Emergence
	Kind





	1. Artefact generation
	Artefact collection
	No
	



	2. Review generation
	Review collection
	No
	



	3. Artefact improvement
	Collection of sequential artefact improvements
	Consensus
	Collective Intelligence



	4. Individual selection
	Aggregated selections
	Consensus
	Wisdom of the Crowd
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Table 5. Participation index for each design iteration in the network-based crowdsourcing system.
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	Design Iteration (i)
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	Number of produced designs in each iteration
	9
	12
	10
	8
	6
	6
	6
	8
	8
	8



	Participation index (D)
	0
	1
	2
	3
	3
	4
	5
	5
	5
	5
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Table 6. Collective and individual average distance from the highest-rated artefact in each design iteration.
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	Iteration
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	Designer 2
	1.926
	1.926
	1.926
	2.071
	1.117
	0.899
	0.764
	0.799
	0.813
	0.738



	Designer 3
	0.000
	0.000
	0.000
	0.144
	0.154
	0.000
	0.138
	0.144
	0.107
	0.366



	Designer 4
	0.963
	0.963
	0.963
	0.722
	0.539
	0.578
	0.523
	0.385
	0.608
	0.527



	Designer 5
	0.193
	0.193
	0.193
	0.433
	0.443
	0.482
	0.427
	0.722
	0.926
	0.848



	Designer 6
	2.697
	2.697
	2.697
	1.686
	1.310
	1.204
	1.024
	1.236
	1.208
	1.064



	Designer 7
	
	
	
	0.530
	0.539
	0.578
	0.523
	0.385
	0.608
	0.751



	Designer 8
	1.252
	1.252
	1.252
	1.236
	1.069
	1.040
	0.876
	0.888
	0.926
	0.896



	Designer 9
	0.963
	0.963
	0.963
	0.915
	0.668
	0.819
	0.754
	0.690
	0.795
	0.751



	Designer 10
	0.578
	0.578
	0.578
	0.337
	0.250
	0.289
	0.234
	0.222
	0.203
	0.352



	Designer 11
	
	0.899
	0.899
	1.044
	1.053
	1.092
	1.037
	1.044
	1.006
	0.976



	Designer 12
	
	0.963
	0.867
	1.011
	1.021
	1.060
	1.005
	1.011
	0.974
	0.944



	Designer 13
	
	1.349
	1.349
	1.493
	1.503
	1.541
	1.486
	1.493
	1.456
	1.426



	Designer 14
	
	0.096
	0.433
	0.578
	0.588
	0.626
	0.571
	0.578
	0.540
	0.511



	Designer 15
	
	1.541
	1.541
	1.686
	1.695
	1.734
	1.679
	1.686
	1.648
	1.618



	Designer 16
	
	
	1.252
	1.397
	1.406
	1.445
	1.390
	1.397
	1.359
	1.329



	Designer 17
	
	
	1.220
	1.365
	1.374
	1.413
	1.358
	1.365
	1.327
	1.297



	Designer 18
	
	
	0.289
	0.433
	0.443
	0.482
	0.427
	0.433
	0.396
	0.366



	Collective distance
	0.514
	0.321
	0.214
	0.353
	0.321
	0.375
	0.349
	0.353
	0.314
	0.283



	High performing individuals
	2
	3
	2
	2
	2
	2
	2
	2
	2
	0
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