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Abstract. Collective Intelligence Systems (CIS), such as wikis, social
networks, and content-sharing platforms, are an integral part of today’s
collective knowledge creation and sharing processes. CIS are complex
adaptive systems, which realize environment-mediated coordination, in
particular with stigmergic mechanisms. The behavior of CIS is emergent,
as high-level, system-wide behavior is influenced by low-level rules. These
rules are encapsulated by the CIS infrastructure that comprises in its
center an actor-created artifact network that stores the shared content.
In this chapter, we provide an introduction to the CIS domain, CIS
architectural principles and processes. Further, we reflect on the role of
CIS as multi-agent system (MAS) environments and conclude with an
outlook on research challenges for CIS architectures.

Keywords: Collective Intelligence, Coordination, Self-Organization, Soft-
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1 Introduction

Since the early 2000s, a new generation of web-based, social platforms has re-
shaped the way of knowledge creation and sharing. Well-known instances of such
systems include social networking services (Facebook1), microblogging services
(Twitter1), wikis and the online encyclopedia Wikipedia1, content-sharing plat-
forms (YouTube1), and review and rating platforms (Yelp1). These systems can
be regarded as Collective Intelligence Systems (CIS), since these socio-technical
platforms all have the capability to harness the collective intelligence of con-
nected groups of people by providing a web-based environment for a community
of participating users to share, distribute and retrieve topic-specific information
in an e�cient way. By contributing new content individually to these systems,
their users build collectively a continuously growing repository of valuable infor-
mation, knowledge and data and thus generate collective intelligence of a user
community.

CIS are multi-agent systems (MAS), which operate on micro and macro
levels and provide benefits both for their users and operators. The individual
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user benefits from (1) the division of labor, since knowledge emerges from addi-
tive contributions of multiple users, and (2) e�cient dissemination of knowledge
among a large user group and leveraged awareness about activities and con-
tributions of other users. For operators, CIS represent an approach to address
complex knowledge-intensive problems on organizational, community and soci-
ety level, which are improved in two ways. Firstly, hard to access knowledge
is continuously aggregated from situated individuals on a global level, whereby
situatedness of an individual means the “physical, cultural, and social context,
that guides, constrains and partially determines intelligent activities” [28]. Sec-
ondly, the consolidated information is disseminated back to the individuals on a
local level. The resulting feedback loop and quality of enabling the continuous
adding, updating and restructuring of information gives CIS self-organizational
capabilities that make them adaptable and resilient.

Therefore, CIS represent an interesting proving ground for the investigation
of MAS-related concepts and theories. One concept that is central in this chapter
is the environment [38]. In this chapter, we provide an integrated view of previous
work by giving an introduction to the CIS domain as well as the architecting of
CIS-specific environments, and conclude with an agenda for CIS architecture re-
search. We argue, that self-organizational CIS are a particular family of MAS en-
vironments, which posses a characteristic system model [24]. The model consists
of three layers which are a proactive actor base, a passive artifact network and a
reactive/adaptive AMD (analysis, management and dissemination) system. Be-
tween these layers aggregation and dissemination dynamics exist that create a
stigmergic feedback loop connecting the computational environment and the ac-
tor base [25]. This system model is the basis to derive an ISO/IEC/IEEE:42010
compliant software architecture framework [16], which should assist software ar-
chitects to model CIS. So far software architects lack guidance in designing CIS
that are tailored for specific application contexts, domains and for individual
organizations. Thus, the framework provides consolidated systematic knowledge
of the architectural principles and mechanisms that underlie each CIS. The CIS
architecture framework (CIS-AF) consists of the three viewpoints CI Context,
CI Technical Realization and CI Operation [25]. Each architectural viewpoint
comes with its own stakeholders, concerns, model kinds and analytics. While
working on this research, we discovered certain needs and limitations, which are
described in the research agenda at the end of the chapter. The agenda deals
with structure and dynamics of CIS, as well as future application domains. The
work of this chapter builds upon advanced concepts of MAS, software architec-
ture, and complex systems. For a deeper understanding of these concepts, we
encourage the interested reader to explore the references [15], [23], [25], [34], [39].

The remainder of this chapter is structured as follows. Section 2 discusses
related work on CIS and section 3 describes CIS characteristics and architectural
principles which are illustrated with a real-world CIS platform. In section 4 we
present an overview of the architecture framework for CIS comprising three
viewpoints with their model kinds. An agenda for future research is discussed in
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section 5 outlining research challenges in the field of CIS architectures. Finally,
section 6 concludes.

2 Related Work

This section presents an overview of related work on CIS foundations: coordina-
tion models, environment-mediated interaction and stigmergic coordination as
well as IT-enabled collective intelligence.

2.1 Environment-Mediated Interaction & Stigmergic Coordination

Coordination is a key aspect of CIS. Central to the realization of coordination are
coordination models, which were described by Gelernter et al. [11] as “the glue
that binds separate activities in an ensemble” and by Omicini [27] as essential to
define “the abstractions and the computational models for ruling the interaction
space in computational systems”. Ciancarini [5] identified coordination entities,
coordination media and coordination laws as the constituents of a coordination
model for computational systems. Coordination entities are the entities that are
being coordinated, like processes, threads, agents or humans. The coordination
media enable communication among the entities, and serve as means for ma-
nipulations among the whole entity base. Examples of coordination media can
be simple constructs like semaphores, monitors or complex constructs like tu-
ple spaces [10] and blackboards [7]. Finally, coordination laws describe rules,
constraints and mechanisms how entities are coordinated by means of the co-
ordination media. The duality between coordination medium and laws was also
described by Schmidt and Simone [32] in the context of Computer-Supported
Cooperative Work (CSCW) using similar concepts of coordinative artifact and
coordinative protocol.

In the last decade, particular focus has been drawn to the environment,
which is created by the system, and its impact on the design of modern MAS
[38]. Environment-mediated coordination approaches allow the decoupling of
processes in space and time, and enable producers and consumers to stay anony-
mous [29]. A special form of environment-mediated coordination mechanisms is
stigmergy, which was originally introduced by Grassé [12] to describe the spatial
coordination among termite societies. Stigmergy enables not only environment-
mediated coordination and indirect communication between agents, it possesses
also a positive feedback mechanism [2, 3], so that an agent activity causes more
activities. The mechanism promotes awareness among agents about the activities
of other agents, which in turn reinforces their own activities [30]. Additionally,
the process behavior of stigmergy is emergent, so certain system properties exist
on a high-level, but not on a low-level and vice versa [1]. For stigmergy, this means
that high-level, system-wide behavior is influenced by low-level rules, encapsu-
lated by artifacts, the environment, and local activities. There is no explicit co-
ordination control [8] and the agents are independent and choose autonomously
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which activities they perform [8, 9], [28]. In computer science, stigmergy has been
explored extensively in various domains [40].

To better understand stigmergy in MAS, the concepts of the environment
and artifact are of particular relevance [28], [30], [35]. Weyns et al. [38] defined
the environment as “a first-class abstraction that provides the surrounding con-
ditions for agents to exist and that mediates both the interaction among agents
and the access to resources”. According to the environment reference model [38],
an environment’s responsibility with respect to stigmergy is to act as a commu-
nication structure maintaining aforementioned dynamics. The artifact is used
as a coordination medium and as an environment abstraction through which
the agents communicate. Extensive discussions of coordination artifacts from a
MAS perspective can be found in [8], [28] and from a CSCW perspective in
[32]. Omicini et al. [28] provided a particular perspective on agents and artifacts
in their agents & artifacts (A&A) meta-model for MAS. In this approach (1)
agents are pro-active components, which autonomously execute activities inside
an environment, whereby (2) artifacts are “passive components which are coop-
eratively or competitively constructed, manipulated and shared by the agents to
support their activities” [28]. In addition, there are workspaces which represent
local environments in which agents can interact with artifacts [28].

Susi et al. [35] provided a conclusive description of using stigmergy to support
human cognitive processes and the usage of artifacts as mechanism to mediate
emergent human collective behavior. Ricci et al. [30] adapted their work towards
a theory of cognitive stigmergy for MAS, which proposes the dual usage of ar-
tifacts as means (1) to enable emergent coordination processes and (2) to share
and represent high-level knowledge for cognitive agents, like humans. In their
work they identified the recurring stigmergic mechanisms of di↵usion, aggrega-
tion, selection and ordering [30]. Parunak [37] surveyed stigmergic computational
systems, which are used to coordinate human interactions. A comprehensive dis-
cussion of the current state of stigmergy and internet-supported collaboration
was provided by Heylighen [15].

2.2 IT-Enabled Collective Intelligence

The phenomenon of collective intelligence (CI) has been investigated by re-
searchers in a variety of disciplines like computer science, cognitive science, orga-
nization theory, biology and network science [20] and thus in literature a variety
of CI definitions exists. According to Malone et al. [21], collective intelligence
can be defined as “groups of individuals doing things collectively that seem in-
telligent”. The focus of this section is the discussion of computer science-related
research of collective intelligence.

One of the first CI-related system concepts was introduced by Vannevar Bush
in 1945 in his essay As We May Think [4]. In his work, he envisioned with the
Memex a hypothetical system that had some of the features of modern CIS,
in particular the concept of associative trails. Bush’s work influenced other re-
searchers like J.C.R. Licklider and Douglas C. Engelbart. Licklider argued in
his work [18] for the needs of a tighter coupling of man and computing system,
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resulting in a hybrid, mutually-complementing overall system. It was then En-
gelbart’s work on intelligence augmentation and in particular his seminal paper
Augmenting Human Intellect [6], where he described the concept of a H-LAM/T
system, which had two interesting aspects from a MAS environment perspective.
Firstly, it highlighted the importance of artifacts, human-artifact interfaces and
explicit-artifact processes. Secondly, he introduced the concept of an executive
superstructure, which operates on a global system level so that “more human
time, energy and productive thought could be allocated to direct-contributive pro-
cesses, which would be coordinated in a more sophisticated, flexible and e�cient
manner” [6]. This executive superstructure can be regarded as an environment
architecture and its occurrence, even in this early stage of research, supports
the hypothesis that the environment concept is essential for the design of CIS.
Interestingly, Engelbart already explicitly recognized the importance of compu-
tational automation in the system on a micro level (direct-contributive processes)
and macro-level (executive processes).

Research e↵orts in IT-enabled collective intelligence have continued to gain
momentum since the beginning of the Web 2.0 area and the rapid adoption of the
first generation of CIS (wikis, social networking services, social media sharing)
in a variety of domains and cultures. Besides Surowiecki’s book The Wisdom of
Crowds [34], there have been the works of Lévy [17] and Tapscott and Williams
[36], which contributed to the wider adoption of the term collective intelligence. A
repeatedly reported characteristic of CIS is the complementary interdependence
between human and computing systems on a system level. In literature various
terms refer to this attribute, which orbit around the same concept like socio-
technical systems [27] or social machines [33]. Studies on the systematization of
CI-related systems were conducted by Malone et al. [22], Lykourentzou et al. [19]
and Smart et al. [33]. Grasso and Convertino [13] investigated tools and studies
on CI in organizations, and Salminen [31] conducted a literature review on CI
in humans. Gruber [14] examined how CI of the Social Web can be leveraged
using knowledge representation and reasoning techniques from Semantic Web.
A discussion of urban-level CIS and their challenges is provided by Zambonelli
[39]. Two current collections on scientific CI literature are the book edited by
Miorandi et al. [23] and the forthcoming book edited by Malone and Bernstein
[20].

3 CIS Environments

This section describes major CIS characteristics and provides an overview of
architectural principles as well as the underlying stigmergic process model. Fi-
nally, we illustrate the described architectural principles by applying them on
the well-known example case of a Wiki.

3.1 CIS Characteristics

In the context of our research work a collective intelligence system is a socio-
technical multi-agent system which mediates human interaction and provides
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support for distributed cognitive processes. As a socio-technical system, a CIS
is driven by its users who contribute content (knowledge or information) to a
globally-shared virtual information space located in a computational system,
which in return feeds the consolidated information back to its users. This en-
ables each user to benefit from novel and available information of high quality in
her local space. Additionally, each user is stimulated to continue the contribution
of further content into the globally-shared space. The feedback loop between the
user base and the computational system is an essential feature of CIS, since it
bridges the local and global space. Figure 1 shows a CIS process model consisting
of 4 steps: (1) Actors (users) contribute/modify content of the shared computa-
tional platform. (2) The system analyses and processes content data and extracts
consolidated information. (3) The system disseminates the information extracts
among its actors. (4) Information stimulates either the actors’ local activity or
triggers a subsequent content contribution (revisit step 1).

Actors

Explicit / Implicit
Content Aggregation

Feedback of
Consolidated Information

Computational System

1

2

3

4

Fig. 1. CIS process with content aggregation and feedback of information

The created bottom-up feedback loop provides CIS with emergent, self-
organizational capabilities and di↵erentiates these systems from directed, top-
down platforms used for crowdsourcing and human computation, where users
are typically provided with task requests that await processing [20].

Another aspect of CIS is the conceptual restriction of the content in the
information space to a certain topic-of-interest. It can be di↵erentiated between
two types of information stored in the space. Topic-specific information is data
that is closely related to the information space’s topic-of-interest, whereby meta
information provides additional data about the topic-specific information as well
as its creation and usage. There are three forms of how topic-specific information
can be aggregated by a CIS:
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– Explicit content aggregation (ECA) depends on the users to actively con-
tribute content to the system. Example instances of such systems are Wikipedia,
Facebook and YouTube.

– Implicit content aggregation (ICA) captures topic-relevant information as a
side-product, while actors are performing a certain activity. A typical exam-
ple of such a system is a web search engine.

– Hybrid content aggregation (HCA) accumulates some of the topic-specific in-
formation implicitly, but depends on users to actively contribute a remaining
proportion of the data. An example of such a system is the navigation app
Waze.

Further, we di↵erentiate CIS by categorizing them according to their organi-
zational structure within which they are typically used. We distinguish between
the four levels of group, organization, community and society.

1. Group level CIS facilitate the collaboration within groups and teams. System
examples comprise wiki systems (MediaWiki) and issue trackers (Redmine).
Often systems, which are used on group level, are also applicable on organi-
zation level.

2. Organization level systems encompass an entire organization and can have an
organization-internal or external focus. CIS, which are located on this level,
are often associated with the terms Enterprise 2.0 and social collaboration.
Representative system types include enterprise-level social networks (Yam-
mer) and wiki farms (Confluence), employee suggestion systems, customer-
feedback platforms (UserVoice) as well as a variety of custom-build CIS,
which are tailored for a particular application context within the organiza-
tion.

3. Community level CIS are dedicated to a particular aspect of a certain com-
munity which may be regional or a community of interest. CIS for regional
communities include local review services (Yelp), but also platforms for
emerging application domains like smart cities and collective governance.
Illustrative examples of systems for communities of interest are TripAdvisor
(travel), ResearchGate (social network for scientists), GitHub (code reposi-
tories), and MyExperiment (scientific workflows).

4. Society level CIS are systems that encompass one or more cultural regions
and have developed a sphere of influence in or between these regions. Well-
known examples are Wikipedia (encyclopedia), Facebook and VK (social net-
work), Twitter and Sina Weibo (microblogging), as well as YouTube (video
sharing).
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The concepts that we introduced in the current and previous section pro-
vide the theoretical foundation for a systematic architecting approach for self-
organizational CIS, which will be presented in the following sections.

3.2 CIS Architectural Principles

Our CIS approach builds on a multi-layer model (Fig. 2) consisting of three
main components: (1) human actors as proactive components, (2) a single, ho-
mogeneous CI artifact network as a passive component, and (3) a computational
analysis, management and dissemination (AMD) system as a reactive/adaptive
component, which fosters information propagation among its actor base. In this
configuration, the CIS architecture realizes a composite coordination mechanism
facilitating stigmergic, environment-mediated coordination, whereby the coordi-
nation environment is formed by the artifact network and the AMD system
[24]. The architecture enables the bottom-up building of an artifact network by
allowing its actors to create/modify user-generated content stored in artifacts
and thereby e↵ectively accumulate and share information among each other [26].
This continuous flow of actor contributions within the system environment en-
ables the emergence of collective intelligence that allows the individual to ben-
efit for own purposes, and concurrently provides groups and organizations with
self-organizational knowledge transfer and coordination capabilities. Further, a
perpetual feedback loop is created between actor base (layer 1) and coordination
infrastructure (layer 2 and 3), by instrumenting the actors’ contributions to stim-
ulate a subsequent reaction by other actors, causing a stigmergic process with
aggregation (yellow arrow) and dissemination phase (blue arrow). The following
paragraphs provide an overview of the CIS model layers.

1. Actor Base The actor base layer consists of human actors, who indepen-
dently and actively perform activities on the CI artifacts.

2. Artifact Network The CI artifact network layer consists of passive CI arti-
facts, which store the topic-specific content that is generated by the actors. The
conceptual content structure of the CI artifact is constrained by the system’s
topic-of-interest. CI artifacts are manipulated by actor activities, which resem-
ble di↵erent types of create, read, update and delete operations. An important
activity is the linking of artifacts using artifact links. Artifact links are links
that actors can define between artifacts, leading to the emergent creation of an
artifact network which is shared among the total actor base. Each performed
activity is tracked in an actor record, whereby each actor has her own actor
record. The actor record has two main purposes: Firstly, it logs the complete
actor activities of each individual actor which allows the system to build knowl-
edge about its actors and to provide advanced services like recommendations and
shared interests. Secondly, the actor record acts as a proxy for the ownership
relationship between the actor and the CI artifacts. The ownership relationship
defines who is the owner of an artifact and thus who has extensive control to
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Actor Base
(Proactive)

Artifact Network
(Passive)

AMD System
(Reactive / Adaptive)

Environm
ent

Data
Mining

Data
Analysis

Machine 
Learning / 

Recommender 
System

Trigger 
Generation

Artifact

Actor 
Record

Aggregation

Dissemination

Actor

Artifact & Actor 
Record Data

Fig. 2. Multi-layer CIS model with three main components and the stigmergic process

decide (1) to which extent other actors are able to contribute to the CI artifact,
and (2) if contributions comply to predefined quality requirements.

3. AMD System The analysis, management and dissemination (AMD) system
is a reactive/adaptive computational system that encompasses subsystems for
data mining, data analysis and machine learning that are responsible for execut-
ing defined rule sets. In this process the subsystems use the aggregated artifact
and actor record data and determined dissemination mechanisms to create var-
ious triggers. In detail, triggers are created to propagate changes of CI artifacts
and to promote awareness about recent actor activities within the CIS among
the total actor base. In addition, these triggers should also act as a stimulus to
motivate each individual to react to these activities with a new contribution on
an artifact, which in turn should attract other actors to contribute as well. For
creating such triggers two di↵erent dissemination mechanisms can be applied.
Pull-based, or passive, dissemination mechanisms rely on the actor to actively
retrieve the updates and changes from the system, e.g. manual looking at the
activity feed or dashboard. Push-based, or active, dissemination mechanisms
rely on the AMD system and its subsystems to forward updates and changes to
the actors in order to make them revisit the platform. A common example is
the sending of emails with personalized notifications and reports about artifact
updates to actors.
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3.3 Example: Wiki System

To illustrate the described architectural design principles of a CIS we map them
to the well-known example case of a Wiki. In a Wiki-type CIS groups of people,
known as editors, are interested in contributing and sharing knowledge about a
certain topic. The actor base is formed by all users who have an active user ac-
count. Each actor primarily contributes new content to a Wiki either by creating
a new article page or modifying an existing one, which represents the CI artifact.
To improve the quality of a particular article, additional contribution activities
are supported including adding of comments, starting discussions about an ar-
ticle’s content using talk pages, and reviewing changed articles. Activities of
each actor are tracked and stored in the actor record (AR)-like log, as is any
modification of any article. Each contributed article modification creates a new
revision of the article which improves the traceability of modifications by other
actors and enables them to undo changes. Typically, all editors have equal own-
ership rights to all article pages in a Wiki which allows an editor the extensive
manipulation of articles created by other editors. Articles can be linked together
by actors using Wiki-links (internal links) and categories, creating a network of
related articles which improves content discoverability. To improve awareness of
artifact changes during an actor’s absence the system uses internal and external
(e.g. email) notification messages to deliver personalized information.

4 CIS Architecture Framework

To support software architects in the design of new CIS architectures, we devel-
oped an architecture framework for realizing CIS solutions (CIS-AF) following
the ISO/IEC/IEEE 42010 standard [16]. In this section we present an overview
of this CIS-AF which is discussed in detail in [25]. According to the standard, an
architecture framework describes “conventions, principles and practices for the
description of architectures established within a specific domain of application
and/or community of stakeholders” [16]. An architecture framework typically
addresses a set of concerns that stakeholders have with respect to the system-
of-interest. These stakeholder concerns are framed by at least one architecture
viewpoint. A viewpoint introduces conventions for constructing, interpreting and
analyzing an architecture view which expresses the architecture of a system-of-
interest from a specific perspective and addresses particular stakeholder con-
cerns. Therefore, a viewpoint describes model kinds which specify modeling con-
ventions used by architecture models that compose an architecture view.

In the context of the CIS-AF, the architecture framework aims to provide
guidance for software architects to systematically describe key CIS elements and
model a CIS that is well-suited for the context and goals of an organization.
Therefore, the CIS-AF defines foundational principles of CIS, introduces key
stakeholders and their concerns that need to be addressed in models and analysis,
as well as provides architectural practices how to systematically design such CIS.
Thereby, the focus of the framework is on CIS-specific concerns of the system
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realization from inception to operation and it consolidates architectural knowl-
edge independent of a domain or technology. Hence, software architects may use
additional architectural approaches to deal with other traditional stakeholder
concerns, such as performance, availability or scalability.

The CIS-AF is based on our proposed meta-model for CIS [24] that defines
key CIS elements which we described previously. The CIS-AF comprises three
complementary architecture viewpoints together with their model kinds which
define conventions for the construction and use of architecture views and models
to deal with the identified essential CIS stakeholder concerns. An overview of
the CIS-AF is illustrated in Fig. 3. The framework defines the following architec-
ture viewpoints for realizing new CIS solutions: (1) CI context viewpoint, (2) CI
technical realization viewpoint, and (3) CI operation viewpoint. Main stakeholder
groups whose concerns are considered in the CIS-AF are architect(s) who design
and describe the system architecture, owner(s) who define the CIS’s purpose
and business goals, manager(s) who are responsible for the management and
operation of the provided services, builder(s) who develop the CIS, analyst(s)
who are responsible for monitoring and assessment of the CIS performance and
behavior, and actors who access and contribute to the CIS.

Model KindsModel Kinds

III. CI Operation ViewpointII. CI Technical Realization Viewpoint

Model Kinds

Architecture Framework for
Collective Intelligence Systems

I. CI Context Viewpoint

Architect(s), Owner(s), Actors Architect(s), Owner(s), Builder(s), Actors Manager(s), Analyst(s)

C1 - Usefulness

MK1: As-Is Workflow

C2 - Perpetuality

MK2: Stigmergic Coordination

MK3: To-Be Workflow

C1 - Data 
Aggregation

C2 - Knowledge 
Dissemination

MK1: Artifact Definition

MK2: Aggregation

MK3: Dissemination

C3 - Interactivity
C1 - Kickstart C2 - Monitoring

MK1: Initial Content Acquisition

MK2: CI Analytics

Fig. 3. Overview of architecture framework for Collective Intelligence Systems
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CI Context Viewpoint

The context viewpoint deals with the design of CI-specific system capabilities
especially with regards to the usefulness and perpetuality concerns of architects,
owners and actors and describes the conventions to derive an architecture view
which addresses these main stakeholder concerns. The viewpoint supports cap-
turing relevant architectural design decisions to achieve the essential bottom-up
information aggregation, management and distribution capabilities for hard-to-
access dispersed knowledge and information. It defines three model kinds. The
As-Is Workflow model kind governs models that show the current workflow of
interest in the organization or context with the activities performed by users
and an existing system environment that may be improved / extended by a CIS.
A model created based on the Stigmergic Coordination model kind describes
the domain items based on a particular topic-of-interest in the organization or
context, the rules to interact with the domain items and for the dissemination
mechanisms that use the network of domain items to generate stimuli in order
to motivate the actor base. Finally, models based on the To-Be Workflow model
kind express the future workflow of interest in the organization or context with
the activities performed by users and the CIS environment, along with feedback
from the CIS to the users.

CI Technical Realization Viewpoint

The technical realization viewpoint provides a more detailed perspective on the
realization of the CIS and its specific capabilities and supports the concrete im-
plementation of a new system with respective models. The viewpoint describes
the conventions to derive an architecture view that frames the data aggrega-
tion, knowledge dissemination, and interactivity concerns of architects, owners,
builders, and actors. It defines three model kinds. The Artifact Definition model
kind governs models that describe the structure of the CI artifacts, how they
can be linked, and which operations can be applied upon an artifact’s content.
A model created based on the Aggregation model kind shows details about how
new data is aggregated from the actors, what activities can be performed by
the actors to interact with the CI artifacts, what kind of data is aggregated,
and to what extent these actor activities are captured. Models governed by the
Dissemination model kind provides relevant information about the rules which
realize the essential stigmergy-based dissemination of knowledge, the kind of
content and ways how to e↵ectively distribute this content in order to stimulate
subsequent actor activities.

CI Operation Viewpoint

The operation viewpoint deals with the kickstart and monitoring concerns of
system managers and analysts of CIS related to the successful startup of the
perpetual feedback loop of a new CIS and its operation. Thus the viewpoint
defines two model kinds to derive an architecture view that provides relevant
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information about initial data acquisition strategy and actor group as well as
relevant indicators to measure CIS aggregation and dissemination performance.
The Initial Content Acquisition model kind governs models that show potential
sources from which initial content for the CI artifacts can be migrated and po-
tential groups of initial actors to build up an actor community. A model created
based on the CI Analytics model kind describes relevant metrics to measure the
CIS performance and analysis results according to measurement profiles with
probes to capture the data necessary for calculating the metrics.

First results of case studies, that we conducted to evaluate the framework’s
applicability and understandability among software architects, demonstrated
that the framework e↵ectively supports stakeholders with providing consolidated
architectural knowledge in a documented and established form, a shared vocab-
ulary of CIS concepts, and practical guidance to systematically apply the stig-
mergic principles of CIS. For a detailed description of the CIS-AF and the case
studies results we refer the interested reader to [25].

5 Agenda for Future Research

Since the research of CIS architectures is at the beginning, we present in this
section potential directions for future research. We discuss an agenda consisting
of 11 research challenges across the areas of software architecture, technologies
and system dynamics.

Nevertheless, CIS are complex systems and are dependent on areas that go
beyond this research agenda. Figure 4 presents an extended overview of CI rele-
vant areas with the four main areas of System, Influences, Agents and Stakehold-
ers. A CIS is a hybrid system of agents and a computational system which con-
sists of structure and dynamics. Its structure decomposes into the architecture
and its conceptual design as well as its actual implementation using technologies.
Its dynamics arise from the feedback mechanisms and the interplay of the agents
and the system structure. Dynamics and the structure are dependent on each
other. Additionally, a set of influences has an impact on the system’s behavior
and performance by enforcing various sets of constraints and rules. Influences
are defined and negotiated between the stakeholders and, to varying extent, by
the agent base. Main influences are ethics, culture, governance, and business,
whereby each can be refined into more granular subject areas.

The following paragraphs focus on selected challenges from the areas archi-
tecture, technology and dynamics, that we expect to have high impact on future
CIS design, development and research.

5.1 Architecture & Design

Architecture and Design challenges are concerned with conceptual and software
architectural aspects of CIS and how they change over time and across applica-
tion domains.
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Dynamics

Architecture & Design

Technology
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Governance Ethics
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Fig. 4. CIS overview with System, Agent base, Influences and Stakeholders

1. CIS MAS Architecture Models: This chapter has illustrated that a coordina-
tion model like stigmergy can have a significant impact on the architectural
structure of a CIS. Therefore, it would be interesting to explore if there are
other nature-inspired coordination models [40] (i.e. chemical, biochemical,
physical) that facilitate collective intelligence. How can these models be in-
tegrated into generalized architectural models, and what are strengths and
limitations of these architectures? Also, how are these models translated into
advanced software architectural models like architecture frameworks and ref-
erence architectures so that they are more applicable by practitioners?

2. Platform Evolution Support: CIS as service platforms tend to constantly ad-
vance over time to better address the needs of their actor base. This makes
architectural evolution, erosion and architectural technical debt relevant is-
sues that gain importance the longer the system is in service. Therefore,
it is necessary to deepen the understanding of a CIS life-cycle, its di↵erent
phases and their impact on the system architecture, as well as evolution-
ary transitions between life-cycle phases that support future growth paths.
This is of particular relevance the larger a CIS’s artifact network and actor
base become, because then platform operators are more inclined to evolve
the CIS into a more comprehensive form like a multi-sided platform or a
software ecosystem. Besides the life-cycle, is there also a di↵erentiation in
maturity levels, which depend on the grade of a CIS’s set of capabilities?
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3. Exploration of Architecture Variations: A challenge is the current lack of
architecture-relevant knowledge about commonalities and significant vari-
abilities among key elements of CIS. Therefore, it is important to system-
atically investigate variations of existing CIS and how these variations are
a↵ected by underlying architectural elements and design decisions.

4. Correlating Architectural Models and Dynamics Models: A particular chal-
lenge represents the correlation of software architectural models with CIS dy-
namic models. A success in this area would allow new inter-disciplinary per-
spectives on the modeling of complex dynamic software systems. A promising
future application scenario represents the simulation of CIS and their archi-
tectures which would enable to predict the e↵ectiveness of system features
before they are actually implemented.

5. Beyond Human-to-Human Interactions: CIS are typically understood as
socio-technical systems, which mediate interaction between humans. A promis-
ing direction for future research would be to investigate the benefits of CIS
environments with di↵erent types of actors, in particular human-machine
and machine-machine configurations. This opens up new future application
domains like cloud robotics, where robots can rely on humans as knowledge
sources, or where robots can share task execution experiences among each
other.

5.2 Technology

Technology challenges focus on how to support the implementation of CIS.

1. CIS Middleware Frameworks: The availability of advanced architectural mod-
els and frameworks enables the development of a new generation of CIS mid-
dleware frameworks that support the implementation of CI-intensive systems
for particular application domains. The development of such frameworks will
support the diversity of functionality and a wider range of technology stacks.

2. Measurement and Analysis Components: In order to support data-driven
development practices in software development teams, it is important to ex-
plore the development of easy to use analysis and measurement components
that provide architects and developers with CI-specific measures on system
component and feature level. By this, developers are provided with a more
accurate basis for making design and implementation decisions.

3. Model-Driven CIS Engineering: An e�cient way to create new CIS imple-
mentations would be to apply methods from model-driven software engineer-
ing. In particular, how to adapt CIS architecture meta-models so that they
can be the basis for model and code generation approaches? In combination
with architecting tool support this would improve the utility and applica-
bility of systematic CIS architecting and engineering among practitioners in
industry.
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5.3 System Dynamics

System Dynamics challenges are concerned with micro and macro level dynamics,
the networks of CIS and e↵ects on the system architecture.

1. Network Models: Since the artifact network is the central structure of a CIS,
it is critical to also understand its characteristics also from a network science
perspective. Findings from such investigations may inform CI-specific mod-
els on the dynamics of the network itself (changes of nodes and ties) as well
as dynamics on the network (spreading processes like information cascades).
Of particular interest is here the impact of the network on aggregation, dis-
semination as well as bottom-up and top-down feedback dynamics between
the computational system and actor base.

2. Growth and Perpetuality as First Class Concerns: CIS are dependent on
user-generated content and sustained high user activity levels. Therefore, it
is important to understand factors that influence content growth and actor
engagement like trust, content curation, and incentive mechanisms, and to
document them in a way so they can support architectural decision making
with regards to growth and perpetuality.

3. Controllability: The emergent, bottom-up nature of CIS is inherently non-
deterministic and therefore only allows probabilistic estimates of the system’s
actual behavior [40]. Subsequently in order to improve CIS controllability,
the underlying control principles, control points and their measures as well as
observability and robustness aspects of CIS need to be better understood and
validated. Advances in this area would not only provide the basis for novel
mechanisms for the dynamic adaptation of CIS workflows and rules to achieve
a certain system behavior, it would also extend the future applicability of
CIS towards more critical domains.

We expect that research e↵orts in collective intelligence systems will continue
to grow in the foreseeable future, making it a promising field of investigation.
Therefore, finding solutions for the challenges described in this section will not
only contribute to a better understanding of CIS and complex systems in general,
it will also provide a benefit for the involved disciplines of software architecture,
software engineering, multi-agent systems and network science alike.

6 Conclusion

This chapter provided an introduction to collective intelligence systems and how
environment-oriented coordination mechanisms and abstractions can be used to
describe them. The subsequent adaptation and integration of these concepts
in an architecture framework enables software architects to adequately apply
them for architecture descriptions of CIS. Additionally, the chapter presented
research challenges that need to be addressed in future work for moving the field
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of CIS environment architectures forward. Advancing the presented models and
approaches will not only increase our understanding on how CI-intensive systems
work, it will also facilitate the exploration and invention of novel applications
and usage scenarios.
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