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The UN Sustainable Development Goals (SDGs) present a challenge due to their

potential for conflicting objectives, which hinders their e�ective implementation.

In order to address the complexity of sustainability issues, a framework capable

of capturing the specificity of diverse sustainability issues while o�ering a

common methodology applicable across contexts is required. Co-creative

communication can be regarded as a key source of uncertainty within functional

systems, as it can be instrumental in realizing and sustaining sustainability. In this

regard, the studies in Constructive approaches to Co-creative Communication

(CCC), particularly those employing artificial intelligence (AI) methodologies

such as computational social science and innovation studies, hold significant

value for both theoretical and applied sustainability research. However, existing

CCC frameworks cannot be directly applied to sustainability research. This

work bridges this gap by proposing a framework that outlines a general

approach to establishing formalized definitions of sustainability from the lens of

communication. This approach enables the direct application of CCC models

to sustainability studies. The framework is based on systems theory and

the methodologies of artificial intelligence, including computational/symbolic

modeling and formal methods. This framework emphasizes the social function

of co-creative communication and the interaction between the innovation

process and the sustainability of the system. It can be concluded that the

application of our framework enables the achievements of CCC to be directly

applied to sustainability research. Researchers from di�erent disciplines are

therefore able to establish their own specific definitions of sustainability,

which are tailored to their particular concerns. Our framework lays the

groundwork for future sustainability studies that employs CCC, facilitating

the integration of CCC insights into sustainability research and application.

The outcomes of computational creativity research based on AI technologies,

such as distributed artificial intelligence and self-organizing networks, can

deepen the understanding of sustainability mechanisms and drive their practical

applications. Furthermore, the functional role of co-creative communication in

societal sustainability proposed in this work o�ers a novel perspective for future

discussions on the evolutionary adaptation of co-creative communication.
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1 Introduction

Sustainability has received worldwide attention as a

fundamental challenge for human society. The most widely

used definition of sustainability or sustainable development is

probably that proposed in the 1987 report Our Common Future

(also known as Bundtland Report) of the World Commission

on Environment and Development (WCED) established by the

United Nations (UN) (World Commission on Environment

and Development, 1987). This report defined sustainability as the

problem ofmeeting the needs of the present without compromising

the ability of future generations to meet their own needs. The

report is considered important because it succeeded in bringing

sustainability to the public attention (Mitlin, 1992). The researchers

noted that the report was actually based on several earlier studies,

including the 1972 project The Limits To Growth (LTG) (Mitlin,

1992; Mensah, 2019). In the LTG project, the authors used a

constructive approach and reported that their model predicted

that the limits to human growth would be reached before the year

2072 (Meadows et al., 2019).

Although earlier studies on sustainability were more concerned

with the relationship between economic development and natural

resources, more recent studies have seen sustainability as a much

broader issue. Researchers have argued that sustainability can

be seen as an issue focusing on equity within and between

generations (Mensah, 2019). Specifically, it is argued that there are

three main sustainability issues: economic growth, environmental

protection, and social equity, which are seen as the three “pillars”

of the concept of sustainability. In fact, the UN 2030 Agenda lists

17 Sustainable Development Goals (SDGs), which cover a wide

range of economic, environmental and social issues (UN General

Assembly, 2015). However, there is evidence that the SDGs have

had a limited impact on our policies (Biermann et al., 2022).

A major reason may be the inherent incompatibility between

the SDGs (Spaiser et al., 2017), which involve trade-offs and

competing interests and require compromises between different

goals (Mensah, 2019; Raimbault and Pumain, 2022).

From the above, two main problems can be identified with

the current definition of sustainability. First, due to inherent

incompatibilities, sustainability cannot be addressed by merely

addressing specific issues in their respective domains. Second,

defining sustainability as a whole-of-society issue requires the

collaboration and integration of different social sectors across

society, which is difficult in practice. Therefore, this study focuses

on the approach to define sustainability in different contexts.

We expect that the new approach can be generally applied to

different domains without relying on cross-domain collaboration

and integration.

The difficulties in achieving sustainability can be understood

through Luhmann’s Social Systems Theory (SST) (Luhmann, 1995).

Luhmann’s theory views society as an autopoietic system in which

communication is reproduced. According to this theory, modern

society can be functionally divided into different subsystems,

such as economy, law, and politics. These functional systems are

connected to each other through structural coupling (Luhmann,

1995; Iba, 2016). Therefore, it can be argued that the high degree

of differentiation of social functions makes it difficult to address

global ecological problems, which would require a society-wide

collaboration that is unlikely to be successful (Bergthaller, 2018).

For a modern society, it is difficult to solve global sustainability

problems at the level of the entire society. Instead, we believe that

a practical solution to sustainability is to consider sustainability

within individual functional systems in society. This position is

consistent with Luhmann’s view of ecological problems. In this

paper, the term social system is used to refer to a functionally

independent system in modern society.

Insufficient uncertainty emerges as a core factor underlying

sustainability issues when viewed through the lens of social

systems. Sustainability of social systems is closely related to Ivan

Illich’s concept of counterproductivity, particularly exemplified

in contemporary medical systems. Russell (2019) notes that

beyond a certain institutional scale or intensity, the proliferation

of medical interventions paradoxically exacerbates rather than

alleviates health problems. This issue can be illustrated from the

lens of Luhmann’s SST. Within SST, the maintenance of system

functionality relies on communication, which, in turn, requires

the media to mitigate uncertainty (Naruse and Iba, 2008; Iba,

2016). Consequently, system functionality is achieved through

uncertainty reduction. When the reducible uncertainty falls short,

it manifests as a problem of excessive communication. At this

point, the system functionality becomes unsustainable, leading

to counterproductive outcomes. Thus, from the perspective of

independent functional systems, the inadequacy of uncertainty,

often precipitated by overcommunication, emerges as a pivotal

reason for the contemporary challenge of sustainability.

Luhmann’s SST faces limitations when considering the

impact of technological development, particularly in terms

of communication media. Social systems, in their pursuit of

functional realization, naturally seek to enhance communication

efficiency. Technological advances, particularly the development

and application of platforms such as social networking services

(SNS), virtual reality (VR), and generative AI, have profoundly

altered contemporary communication environments, resulting in

extensive social impacts. However, Luhmann did not foresee the

implications of such technological developments (Gerim, 2017).

On one hand, AI technologies can be harnessed to address societal

issues, such as supporting collective decision-making (Raikov,

2018). On the other hand, they also have the potential for adverse

effects, as evidenced by the emergence of generative AI (Lamb and

Brown, 2023). We contend that it is the rapid advancement of

digital and AI technologies that has led to the proliferation of highly

developed media, making overcommunication a pervasive issue in

contemporary society. It is therefore essential that contemporary

society employs technology to address the issue of sustainability,

whilst also developing a deeper comprehension of the consequences

of these technological advances upon the concept of sustainability.

Luhmann’s oversight of this impact resulted in traditional SST

neglecting the problem of insufficient uncertainty stemming from

overcommunication.

We consider co-creative communication to be a crucial process

influencing the sustainability of social systems. Consistent with the

definition in a previous study (Iba, 2016), we refer to co-creative

communication as a form of social collaboration that fosters

creativity within society. Today, co-creative communication is
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primarily enacted in the digital environment of the Internet (Zwass,

2010). As a human-specific form of social interaction, co-creative

communication contributes to cultural diversity, innovation,

and evolution by providing the creativity that underlies the

creation and dissemination of memes (Gabora, 1997). However,

co-creative communication can also bring about uncertainty

in society. Encouraging creative activity usually also means

facing the challenge of uncertainty, which can lead to conflicts,

misunderstandings, and communication barriers (Bassett-

Jones, 2005). Nevertheless, in social systems suffering from

overcommunication, co-creative communication can be regarded a

key process for realizing sustainability, given the new uncertainties

it introduces. From this perspective, sustainability can be

conceptualized as a social function inherent to co-creative

communication.

Constructive approaches provide an effective method

to explore the potential mechanisms of complex dynamic

systems with non-reducibility (Hashimoto et al., 2008), such as

communication systems involved in co-creative communication.

The study of Co-Creative Communication employing Constructive

approaches (CCC) holds significant value for sustainability

research due to its methodological alignment and its rich repertoire

of research outcomes. CCC studies focus on understanding

complex phenomena through the construction and simulation of

models, grounded primarily in AI methodologies. Theoretical and

practical research in CCC has yielded significant research outputs

in various domains.

For example, in the field of Computational Social Creativity

(CSC), the methodologies developed in artificial life and

computational social science are widely applied to study creativity

in social communication activities (Boden, 1998; Saunders

and Bown, 2015). A recent study used a computational multi-

agent model with opinion dynamics to investigate the potential

positive effects of “noise” in interpersonal communication on

social creativity (Li et al., 2022). Another example is the field

of Computational Narrative, which concerns the generation

and evaluation of creative narrative works through computer

modeling (Gervás, 2021). With Bayesian inference and Markov

Logic Network, Chieppe et al. (2022) proposed a computational

framework for modeling the creativity of short stories, such as

those co-created by humans and computers. Further, creative

decision-making support research has proposed methods and

tools to improve the group co-creative communication process

by combining methodologies developed in various fields such

as AI, cognitive modeling, and inverse problems (Raikov, 2015).

By investigating the factors and processes that influence co-

creation in social interaction, these studies contribute to both

the understanding and facilitation of co-creative communication.

Given the pivotal role of co-creative communication in achieving

sustainability, the findings of CCC studies have great potential to

provide valuable insights into both the theoretical understanding

and implementation of sustainability.

The primary challenge in applying CCC studies to the

sustainability domain is the absence of a formal method to

define sustainability from a communication perspective. Previous

sustainability research based on AI and constructive approaches

tends to view communication as a tool for resolving sustainability

issues through collective decision-making (Bousquet and Page,

2004), rather than as an integral component of the definition

of sustainability. Although Luhmann’s SST provides a theoretical

framework for defining sustainability from a communication

perspective, previous research linking sustainability and SST tends

to emphasize the trade-offs inherent in the development and

sustainability of systems (Valentinov, 2014). Such a definition

cannot provide practical advice on achieving sustainability in

specific social contexts, such as those defined by the SDGs.

Therefore, the objective of this study is to develop a framework

that proposes a general approach to establishing a formal definition

of sustainability from a communication perspective as a basis for

future applications of CCC to the study of sustainability issues. This

paper presents an abstract conceptual model and an engineering

approach for integrating and extending AI research findings in the

field of CCC with illustrative examples. Our framework is built

upon the assumption that sustainability is a property that emerges

from communication in functionally independent social systems.

Our approach is based on formal methods and AI technologies,

including transition systems. By viewing social systems as contexts

for defining specific sustainability-related issues, the proposed

approach can correspond to different SDGs. By employing this

framework, existing CCC research results can be extended to the

study of sustainability in different contexts, offering theoretical and

practical guidance for the realization of SDGs.

This paper is organized as follows. Section 2 discusses

the characteristics and processes of co-creative communication.

Section 3 presents the outline of the framework, highlighting the

functional role of co-creative communication in the interaction

between innovation and sustainability of social systems. Section 4

describes the formal method and provides illustrative examples for

defining the sustainability in terms of a property of social systems.

Finally, Section 5 concludes the whole study.

2 Co-creative communication

2.1 Co-creative communication process in
innovation

Co-creative communication is both communication and co-

creation involving multiple people. Therefore, the core of co-

creative communication is the collaboration of different people.

Among the different types of communication, the most important

characteristic of co-creative communication is the potential for

innovation. In our framework, innovation can be seen as a possible

outcome of an increase in uncertainty. Co-creative communication

can therefore be defined as communication that leads to a

net increase in uncertainty, which is equivalent to negative

information.

It should be noted that increased uncertainty means a greater

possibility for new meanings to emerge, but does not necessarily

lead to new meanings per se. In other words, what is created

in co-creative communication is new alternatives for possible

interpretations, which is necessary for the creation of new

meanings. Thus, co-creative communication is not innovation

per se, but a sub-process of innovation. In order to create
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new meanings, a decrease in uncertainty would be necessary,

which requires non-creative communication. Hence, the whole

innovation process involves both co-creative and non-creative

communication. We suggest that effective integration of the two

may be a key element in implementing innovation.

Therefore, the focus of innovation studies differs

from that of sustainability studies. Although both studies

address the importance of co-creative communication and

uncertainty, implementing innovation is distinct from achieving

sustainability. Traditionally, innovation studies prioritize reducing

uncertainty, given that uncertainty is considered inherent in

the innovation process and must be reduced for innovation to

be achieved (Jalonen, 2012; Raikov, 2015). However, it is also

necessary to consider the issue of insufficient uncertainty in

sustainability research. For studies of sustainability, it is therefore

important to understand the factors and processes related to both

the reduction and the increase of uncertainty.

2.2 Distinct types of co-creative
communication

Co-creative communication increases uncertainty by

generating new alternatives of meaning. In practice, this can

be achieved through more than one mechanism. First, new

alternatives can be created through a synthesis process, which

is proposed in Nonaka’s theory of knowledge creation (Nonaka,

1994; Nonaka and Toyama, 2005). The synthesis process for

creating a new alternative interpretation is illustrated in Figure 1A.

This process takes different existing meanings (v1, v2, ..., vn)

for the inputs. The innovative output (v′) is unknown prior to

communication, but in the same domain as the input.

Synthetic co-creative communication represents a key

challenge in the field of innovation support research. This field of

research focuses on the development of techniques and frameworks

for supporting innovation processes. One of the primary topics

of interest is the facilitation of effective decision-making and

collective insight generation. For example, Raikov (2015) proposed

a method and specific software implementation that accelerates

creative decision-making within groups of experts in digital

environments through convergent information structuring. This

line of research supports two critical processes in innovation:

identifying effective solutions and achieving consensus on the

optimal solution. The former is related to the synthetic co-creative

communication, while the latter is related to the non-creative

communication.

On the other hand, new alternatives can also be the result

of a destruction process that Schumpeter (1976) called Creative

Destruction. The destruction process for the creation of new

alternative interpretations is illustrated in Figure 1B. This process

takes an existing meaning (v) as inputs and produces one or

more innovative alternatives (v1, v2, ..., vn). One of themost obvious

differences from the process of synthesis is that the process of

destruction has only one input, rather than a number of inputs.

Another important difference is that the output of the destruction

process is not constrained by the domain of input, which allows

for the generation of a diverse range of products. This feature is

FIGURE 1

Two processes of co-creative communication: (A) synthesis and (B)

destruction. Dotted arrows indicate potential transformation from

existing meaning (v) to new alternatives (v′).

consistent with a Schumpeterian view of service innovation (Drejer,

2004).

Destructive co-creative communication plays a significant role

in co-creation activities that utilize AI techniques. For instance,

Epstein et al. (2022) investigated methods for leveraging text-

to-image generation AI models to support idea visualization,

thereby facilitating creative collective conversations (a form

of brainstorming) within communities. Their findings revealed

that high-variance, unpredictable lo-fi generative AI was more

conducive to generating novel insights and possessed a wide

range of potential applications. This line of research encompasses

support for both co-creative communication and non-creative

communication. The former is a destruction process that derives

new ideas based on visualization results that are inconsistent
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with original thoughts. The latter drives conversation and

communication among communities.

Both synthesis and destruction processes can increase

uncertainty. The main difference is the number of inputs and the

range of interpretation. Due to the distinction between input and

output, the two processes are applicable in different contexts. Both

processes can be involved when implementing innovation through

co-creative communication.

3 Co-creative communication as a
key to achieving sustainability

To link a CCC study to investigate sustainability problem, we

need to consider an ecosystem composed of psychic systems and

social systems. Figure 2 shows the whole picture of our framework.

Consistent with the view of social systems theory (Iba,

2016), the psychic systems are structurally coupled to social

systems through language. In the social systems, the element is

communication, which includes both co-creative and non-creative

communication. Communication produces more communication,

while consuming the uncertainty in the psychic systems. The

uncertainty can be recovered naturally, at a rate that depends on

the resilience of the psychic systems.

Sustainability is defined as a property of social systems

that emerges from communication. To determine sustainability,

we focus on two critical variables in social systems and

psychic systems. In social systems, we focus on The amount of

communication, denoted as Nc. In psychic systems, we focus on

Uncertainty, denoted as H. The innovation activity consists of

two sub-processes, co-creative communication and non-creative

communication, both of which consume uncertainty (H) and lead

to an increase in the amount of communication (Nc). Meanwhile,

co-creative communication produces more uncertainty than it

consumes, resulting in a net increase in uncertainty, i.e., a

positive 1H.

This framework can correspond to many forms of

innovative activities. In some innovative activities, both co-

creative and non-creative communication are given equal

weight. Brainstorming places more emphasis on co-creative

communication, which facilitates the realization of sustainability

but is not conducive to the realization of system functionality.

Convergent innovation, where consensus is required, places

more emphasis on non-creative communication, which increases

the efficiency of communication but is not conducive to the

realization of sustainability. Thus, there is an interaction

between sustainability and innovation: the realizability of

sustainability determines the ideal form of innovation activities,

and the practice of innovation activities affects the realizability

of sustainability.

Our framework assumes that co-creative communication, a

sub-process of innovation, serves a social function by enhancing

the capacity of social systems to achieve sustainability. Co-creative

communication offers an active approach to generating productive

uncertainty. This uncertainty can be addressed through further

communication, ultimately strengthening the ability of social

systems to maintain functionality even in the face of significantly

increased communication efficiency.

Real-world scenarios corresponding to this framework

can be demonstrated in the context of scientific research. For

science as social systems, institutional frameworks can foster

innovation in underdeveloped systems but, conversely, may

hinder sustainability in overdeveloped ones. Specifically, for an

underdeveloped science system with high uncertainty, institutional

development (e.g., establishing consensus on evaluating research

outcomes) can significantly reduce uncertainty and promote

scientific innovation. Conversely, an overdeveloped institutional

framework can lead to sustainability challenges for scientific

research due to rigidity and a lack of adaptability. The latter

scenario aligns with the funding issues for basic and translational

research raised in the recent trend toward a decentralized

science (DeSci) paradigm (Strauss, 2023a,b). The DeSci paradigm

is based on the development of Web3.0 and decentralized

autonomous organizations (DAOs) (Ding et al., 2022). As a

co-creative communication platform, DeSci can introduce

productive uncertainty into an overdeveloped science system by

encouraging diverse perspectives and open communication.

Hence, DeSci directly corresponds to the functional link

between co-creative communication and sustainability within

our framework.

This framework leverages AI research on co-creative

communication to advance sustainability theory and practice.

For instance, the framework allows us to distinguish theoretical

and constructive studies in Computational Social Creativity and

Computational Narrative, which utilize AI methods like Multi-

Agent Simulation and Bayesian modeling. While they primarily

focus on the effects of innovation on the amount of communication

(Nc) and uncertainty (H), these studies also differ in specific factors.

For example, Gervás (2021) reviewed computational narrative

models that explored the impact of creative narratives on H

rather than Nc. Li et al. (2022) used Multi-Agent Simulation

to examine the impact of individual communication on society

arising from co-creative communication, not the entire innovation

process. On the other hand, AI innovation research emphasizes

using AI technologies, including generative AI, to facilitate and

support innovation processes that encompass both co-creative and

non-creative communication. These studies can be categorized

according to their focus, such as the studies focusing on co-

creative communication [e.g., the use of text-to-image models to

support open discussion in communities (Epstein et al., 2022)],

vs. non-creative communication [e.g., convergent approach to

support networked group decision-making (Raikov, 2018)].

Our framework also reveals a recent trend: a shift in focus

from productive uncertainty (H) to societal effects (Nc), in the

context of the widespread adoption of generative AI (Lamb and

Brown, 2023). Differentiating the findings of these studies is

important because the factors they focused on play different roles

in sustainability research.

In order to adapt these findings to explore sustainability issues,

we need to develop a formal definition of the sustainability property

in the corresponding research context. The next section describes

this approach.
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FIGURE 2

The interaction of Innovation and Sustainability and a functional role of co-creative communication. Arrows: the direction of e�ects. Solid arrows

indicate direct e�ects. Dotted arrows indicate indirect e�ects. Wavy line: structural coupling between systems.

4 Sustainability of social systems

This section presents a formal method to define sustainability

in the context of social systems. The following subsections will

firstly present the formal method for describing the behavior of

social systems, before going on to illustrate this approach for

a typical social system. Finally, we will outline the method for

defining sustainability as a property using formal logic and present

illustrative examples.

4.1 Transition systems

Conventionally, sustainability research views sustainability as a

state or a process to achieve this state (Mensah, 2019). However,

due to the broad scope of SDGs, it is very unlikely that there

exists a social state or a social transition that can be labeled

as “sustainability”. Moreover, even if such an ideal state or

transition can be defined, sticking with it would be too difficult

because of the dynamic interaction between social and psychic

systems. Instead, sustainability should be viewed as a desired

property of social systems that is manifested in its dynamic and

evolving behavior.

In order to apply CCC studies to sustainability research, it is

first necessary to establish a formal definition of sustainability for a

social system. This can be achieved by employing formal methods

to firstly describe the behavior of the system and then represent

the desired sustainability property. The behavior of social systems

can be described by using transition systems. Transition systems

are abstract systems composed of discrete states and transitions

between them (Keller, 1976). Conventionally, a transition system

is defined as (Q,→), where Q is a set of states and → is a

set of transitions representing the binary relation on Q. The

notion of transition systems provides a fundamental tool for

modeling dynamic systems with interacting processes. Based on

such modeling, we can verify the properties of a system or compare

different systems by means of their logical equivalences (Arnold,

1993).

In transition systems, a property of a system refers to

certain characteristics of the transition path of that system.

These properties of the transition systems can be automatically

verified by mathematically based formal methods (Clarke and

Wing, 1996). For that purpose, the properties need to be

expressed by using formal logic, which is a formal language

of mathematical logic (Arnold, 1993). Mathematical logic forms

the theoretical foundations of AI, especially in the field of

knowledge representation and logical inference (McCarthy, 1988).

Specifically, we use Computation Tree Logic (CTL) (Sistla, 1994),

a type of formal logic, to define sustainability. CTL consists of

atomic propositions and Boolean connectives. It is an efficient

formalism for describing all possible transitions between states in

a transition system.

Transition systems and CTL have been widely used in

AI research, including inference systems and natural language

processing (NLP). For example, Bench-Capon (2015) applied

transition systems and CTL to multi-agent systems for exploring

the designing and reasoning about norms. Transition systems

have also been actively used in NLP studies as a basis

for designing text parsers (Fernández-González and Gómez-

Rodríguez, 2020).

In this work, transition systems are used to model social

systems, and CTL is used to formally represent sustainability as a

verifiable property. This approach allows for the extension of AI

research findings to sustainability research. The specific definitions

of sustainability property may vary depending on the specific CCC

models and issues of interest. However, in order to establish formal

definitions, there are common steps that must be followed. First, it

is necessary to identify the states and transitions of the related social

systems. Secondly, sustainability property needs to be represented

using formal logic such as CTL. In the following subsections,

basic examples are provided to demonstrate how to construct the

sustainability property in typical scenarios.
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4.2 Sustainability related states and
transitions

Usually, CCC studies employ computational/symbolic models

of interpersonal communication. Applying such models to

sustainability research requires that the researcher first specify

the relevant social system, which corresponds to the model, and

then identify and assess its potential states and transitions. For

a given social system, the states can be specified according to

the researcher’s concerns. Typically, in most cases, two different

dimensions can be used to identify the states that are relevant

to sustainability: a growth/degrowth (G-DeG) dimension and a

sustainable/unsustainable (S-UnS) dimension.

The G-DeG dimension corresponds to the internal states of

social systems. For a social system, a growth means an increase in

FIGURE 3

Potential states related to the sustainability of typical social systems.

Four states are di�erentiated in two dimensions: sustainable

degrowth (SD), sustainable growth (SG), unsustainable degrowth

(UD), and unsustainable growth (UG). Horizontal dimension:

growth/degrowth (G-DeG). Vertical dimension:

sustainable/unsustainable (S-UnS).

the internal complexity (Valentinov, 2014). The growth/degrowth

issues are not relevant to the communicating agents, although they

are critical to the social system. Meanwhile, the S-UnS dimension

corresponds to the impacts of psychic systems. A social system is

sustainable as long as communication is maintained. Therefore,

it is the psychic system, which is outside the social system, that

determines whether to communicate or not.

Accordingly, four sustainability related states can be

distinguished: sustainable growth (SG), unsustainable growth

(UG), sustainable degrowth (SD), and unsustainable degrowth

(UD). These states, arranged along the two dimensions, are shown

in Figure 3.

We can then measure the social system by designing indicators

for each of the two dimensions. In the dimension G-DeG,

the state of the system can be measured by changes in the

amount of communication (1Nc). This indicator is independent of

communicating agents and can be seen as indirectly reflecting the

social system’s internal complexity.

For the dimension S-UnS, we can measure the system states

by changes in the uncertainty (1H). This indicator can be

calculated as the sum of all communicating agents. A continuous

decline in uncertainty suggests that the system may suffer from

overcommunication, a scenario involving overdevelopment.

Next, we need to specify the transitions between these states.

However, in most cases, state transitions in social systems are

intrinsically stochastic, and it is very difficult to specify precisely

the transition paths of the system. For simplicity, we can model

the transition relationships between states as fully connected.

Accordingly, a typical transition system of social systems with

respect to the states related to sustainability can be constructed as

in the Figure 4.

4.3 Sustainability as a property of a social
system

Based on the constructed transition system for CCCmodels, we

can then define sustainability as a property of social systems using

FIGURE 4

A transition system consisting of four sustainability related states, each associated with a descriptive label. The transition relationships between states

are modeled as fully connected, in accordance with the intrinsic stochastic characteristics inherent to social transitions. Circles: the states. Arrows:

the transitions from a start state to an end state.
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formal logic such as CTL. Depending on the context, the specific

definition of sustainability may vary. As examples, the following

considers the definition of sustainability property in two distinct

contexts related to the economy system: the context of regional

economic revitalization, where sustainability is defined in a weaker

sense, and the context of the tourism resources preservation, where

the definition is in a stronger sense.

The CCC models can be applied to sustainability research in

the context of regional economic revitalization. In this context,

the primary goal is to achieve and sustain local economic

growth. Consequently, related research tends to focus on balanced

development through the fostering of innovation systems (Yin

et al., 2022), that is, how to move away from being both

unsustainable and economic degrowth through innovation. This

issue can be explored through the application of CCC models that

are concerned with the social interactions within the local economy

system.

For example, Zhang (2003) investigated the regional economic

growth achieved by Schumpeterian entrepreneurship, which can

be considered as an instance of social communication between

local agents. By employing agent-based modeling, the model

simulates entrepreneurial activities on a blank landscape and

shows the spontaneous formation of industrial clusters, such

as those in Silicon Valley. This model can be applied to

sustainability research by defining the sustainability property

for the local economy system. Following the transition systems

defined previously (see Figure 4), a system that can meet

sustainability should have transition paths shown in Figure 5A.

The sustainability property defined here may be referred to as

weak sustainability, which is satisfied if a system can always

jump out of the unsustainable degrowth (UD) state after a series

of transitions.

The above definition of sustainability can be formally

represented as a liveness property for transition systems, which

expresses “eventually something (good) must happen” (Lamport,

1977; Kindler, 1994). A liveness property that conforms to CTL

consists of path quantifiers and temporal operators. The path

quantifiers are A (for all paths) and E (there exists a path). The

temporal operators are X (next time), F (eventually), G (always), U

(until), and R (release). Hence, weak sustainability can be formally

defined as:

AG((1H < 0 ∧ 1Nc < 0) → AF(1H > 0 ∨ 1Nc > 0))

which can be automatically verified for each run of the computer

simulation with the model.

In contrast, the sustainability research in the context

of the preservation of tourism resources would have

a primary goal to resources preservation for future

generations (Angelevska-Najdeska and Rakicevik, 2012).

In this context, it is of greater importance to identify the

factors that lead to a sustainable state. Consequently, the

sustainability of a local economy system should have transition

paths shown in Figure 5B, which may be referred to as

strong sustainability.

The strong sustainability is satisfied if a system can always move

away from any unsustainable states (whether that be growth or

FIGURE 5

Transition paths of (A) weak sustainability and (B) strong

sustainability. Circles: the states. Arrows: the transitions from a start

state to an end state. Dotted lines indicate omitted transitions in the

path. (A) Corresponding to a social system that can always jump out

of the unsustainable degrowth (UD) state after a series of transitions.

(B) Corresponding to a social system that can always move away

from unsustainable (UG & UD) states after a series of transitions.

degrowth) after a series of transitions. This property can be defined

in CTL as:

AG(1H < 0 → AF(1H > 0))

which can be verified for CCC models focusing on the social

interactions between various agents, including tourists and local

residents.

It should be noted that not all sustainability positions

can be defined in terms of a dichotomy between strong

and weak. An example of this can be seen in another

proposal for sustainable tourism (Vu et al., 2020), which

emphasizes the concepts of hand-in-hand development and

resources protection. This can also be defined as a liveness

property with CTL. The flexibility in definition permits the
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incorporation of diverse CCC research findings into the domain of

sustainability research.

5 Conclusion

In conclusion, this paper presents a framework that reconciles

the studies employing Constructive approaches to Co-creative

Communication (CCC) and sustainability research from a

communication perspective. The framework delineates the essence

of sustainability issues within social functional systems, identifying

them as problems of overdevelopment stemming from a lack

of productive uncertainty. It also highlights the interplay

between sustainability and innovation processes, where co-creative

communication in innovation activities exhibits social functions

for facilitating the realization of sustainability by introducing new

uncertainties for future development.

While the proposed framework is not a fully validated model,

it provides a solid foundation for future research endeavors. As

CCC research on sustainability progresses, empirical studies can be

conducted to validate and refine the framework’s components and

mechanisms.

This framework not only provides a formalized definition and

illustrative examples of sustainability issues, but also demonstrates

its adaptability across diverse contexts, accommodating the unique

characteristics of various sustainability problems. The framework

serves as a tool for applying computational creativity research

based on AI technologies to understand and address sustainability

challenges. This work thus enriches our understanding of the

mechanisms underlying sustainability issues and facilitates their

practical applications.

Furthermore, viewing fostering sustainability as a social

function of co-creative communication opens avenues for

future discussions on the adaptive evolution of co-creative

communication practices. This paves the way for exploring the

evolving dynamics of co-creative communication in societal

contexts.

Data availability statement

The original contributions presented in the study are included

in the article/supplementary material, further inquiries can be

directed to the corresponding author.

Author contributions

GL contributed to the writing of the manuscript and funding

acquisition for this work. XG critically reviewed the manuscript

and assisted in its preparation. All authors listed have made a

substantial, direct, and intellectual contribution to the work and

approved it for publication.

Funding

This study is partially supported by JSPS/MEXT KAKENHI

Grant Number JP17H06383 (Innovative Areas #4903).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Angelevska-Najdeska, K., and Rakicevik, G. (2012). Planning of sustainable tourism
development. Proc.oc. Behav. Sci. 44, 210–220. doi: 10.1016/j.sbspro.2012.05.022

Arnold, A. (1993). “Verification and comparison of transition systems,” in
TAPSOFT’93: Theory and Practice of Software Development (Berlin; Heidelberg:
Springer), 121–135.

Bassett-Jones, N. (2005). The paradox of diversity management, creativity and
innovation. Creat. Innovat. Manag. 14, 169–175. doi: 10.1111/j.1467-8691.00337.x

Bench-Capon, T. J. M. (2015). Transition systems for designing and reasoning about
norms. Artif. Intell. Law 23, 345–366. doi: 10.1007/s10506-015-9175-9

Bergthaller, H. (2018). Beyond Ecological Crisis: Niklas Luhmann’s Theory of Social
Systems. Electronic Book Review. doi: 10.7273/f996-kc08

Biermann, F., Hickmann, T., Sénit, C.-A., Beisheim, M., Bernstein, S., Chasek, P.,
et al. (2022). Scientific evidence on the political impact of the sustainable development
goals. Nat. Sustain. 5, 795–800. doi: 10.1017/9781009082945

Boden, M. A. (1998). Creativity and artificial intelligence. Artif. Intell. 103, 347–356.
doi: 10.1016/S0004-3702(98)00055-1

Bousquet, F., and Page, C. L. (2004). Multi-agent simulations
and ecosystem management: a review. Ecol. Modell. 176, 313–332.
doi: 10.1016/j.ecolmodel.2004.01.011

Chieppe, P., Sweetser, P., and Newman, E. (2022). “Bayesian modelling of the well-
made surprise,” in Proceedings of the 13th International Conference on Computational
Creativity (ICCC’22) (Bozen-Bolzano: Association for Computational Creativity),
126–135.

Clarke, E. M., and Wing, J. M. (1996). Formal methods: state of the art and future
directions. ACM Comp. Surv. 28, 626–643. doi: 10.1145/242223.242257

Ding, W., Hou, J., Li, J., Guo, C., Qin, J., Kozma, R., et al. (2022). DeSci based
on Web3 and DAO: a comprehensive overview and reference model. IEEE Transact.
Comp. Soc. Syst. 9, 1563–1573. doi: 10.1109/TCSS.2022.3204745

Drejer, I. (2004). Identifying innovation in surveys of services: a schumpeterian
perspective. Res. Policy 33, 551–562. doi: 10.1016/j.respol.2003.07.004

Epstein, Z., Schroeder, H., and Newman, D. (2022). “When happy accidents spark
creativity: bringing collaborative speculation to life with generative AI,” in Proceedings
of the 13th International Conference on Computational Creativity (ICCC’22) (Bozen-
Bolzano: Association for Computational Creativity), 334–338.

Fernández-González, D., and Gómez-Rodríguez, C. (2020). “Transition-
based semantic dependency parsing with pointer networks,” in Proceedings
of the 58th Annual Meeting of the Association for Computational Linguistics
(Association for Computational Linguistics), 7035–7046. doi: 10.18653/v1/2020.acl-
main.629

Frontiers in Artificial Intelligence 09 frontiersin.org

https://doi.org/10.3389/frai.2024.1236310
https://doi.org/10.1016/j.sbspro.2012.05.022
https://doi.org/10.1111/j.1467-8691.00337.x
https://doi.org/10.1007/s10506-015-9175-9
https://doi.org/10.7273/f996-kc08
https://doi.org/10.1017/9781009082945
https://doi.org/10.1016/S0004-3702(98)00055-1
https://doi.org/10.1016/j.ecolmodel.2004.01.011
https://doi.org/10.1145/242223.242257
https://doi.org/10.1109/TCSS.2022.3204745
https://doi.org/10.1016/j.respol.2003.07.004
https://doi.org/10.18653/v1/2020.acl-main.629
https://www.frontiersin.org/journals/artificial-intelligence
https://www.frontiersin.org


Li and Guo 10.3389/frai.2024.1236310

Gabora, L. (1997). The origin and evolution of culture and creativity. J. Memet. Evol.
Models Inf. Trans. 1, 29–57.

Gerim, G. (2017). A critical review of luhmann’s social systems theory’s
perspective on mass media and social media. J. Human. Soc. 7, 141–154.
doi: 10.12658/human.society.7.14.M0218

Gervás, P. (2021). “Computational models of narrative creativity,” in Artificial
Intelligence and the Arts: Computational Creativity, Artistic Behavior, and Tools for
Creatives, eds. P.Machado, J. Romero, andG. Greenfield (Cham: Springer International
Publishing), 209–255.

Hashimoto, T., Sato, T., Nakatsuka, M., and Fujimoto, M. (2008). “Evolutionary
constructive approach for studying dynamic complex systems,” in Modelling and
Simulation, Chapter 7, eds. G. Petrone, and G. Cammarata (London: IntechOpen),
111–136. doi: 10.5772/5988

Iba, T. (2016). “Sociological perspective of the creative society,” in Designing
Networks for Innovation and Improvisation, Springer Proceedings in Complexity, eds.
M. Zylka, H. Fuehres, A. Fronzetti Colladon, and P. Gloor (Cham: Springer), 29–42.

Jalonen, H. (2012). The uncertainty of innovation: a systematic review of the
literature. J. Manag. Res. 4:1039. doi: 10.5296/jmr.v4i1.1039

Keller, R. M. (1976). Formal verification of parallel programs. Commun. ACM 19,
371–384. doi: 10.1145/360248.360251

Kindler, E. (1994). Safety and liveness properties: a survey. Bull. Eur. Assoc. Theoret.
Comp. Sci. 53, 268–272.

Lamb, C. E., and Brown, D. G. (2023). “Should we have seen the coming storm?
transformers, society, and CC,” in Proceedings of the 14th International Conference
on Computational Creativity (ICCC’23) (Ontario: Association for Computational
Creativity), 157–161.

Lamport, L. (1977). Proving the correctness of multiprocess programs. IEEE
Transact. Softw. Eng. SE-3, 125–143. doi: 10.1109/TSE.1977.229904

Li, G., Guo, X., and Hashimoto, T. (2022). “Noise as a key factor in realizing a
creative society,” in Proceedings of the 13th International Conference on Computational
Creativity (ICCC’22) (Bozen-Bolzano: Association for Computational Creativity),
349–353.

Luhmann, N. (1995). Social Systems. Stanford, CA: Stanford University Press.

McCarthy, J. (1988). Mathematical logic in artificial intelligence. Daedalus 117,
297–311.

Meadows, D. H., Meadows, D. L., Randers, J., and Behrens, W. W. (2019). “The
limits to growth,” in Green Planet Blues, Chapter 1, 6th Edn, eds. K. Conca, and G. D.
Dabelko (New York, NY: Routledge), 27–31.

Mensah, J. (2019). Sustainable development: meaning, history, principles, pillars,
and implications for human action: literature review. Cogent. Soc. Sci. 5:1653531.
doi: 10.1080/23311886.2019.1653531

Mitlin, D. (1992). Sustainable development: a guide to the literature. Environ.
Urban. 4, 111–124. doi: 10.1177/095624789200400112

Naruse, M., and Iba, T. (2008). “Ecosystem as an autopoietic system: considering
relationship between ecology and society based on Luhmann’s theory,” in Fourth Joint
Japan-North America Mathematical Sociology Conference (Redondo Beach, CA), 1–14.

Nonaka, I. (1994). A dynamic theory of organizational knowledge creation.Org. Sci.
5, 14–37. doi: 10.1287/orsc.5.1.14

Nonaka, I., and Toyama, R. (2005). The theory of the knowledge-creating
firm: subjectivity, objectivity and synthesis. Ind. Corp. Change 14, 419–436.
doi: 10.1093/icc/dth058

Raikov, A. (2015). Convergent networked decision-making using group insights.
Comp. Intell. Syst. 1, 57–68. doi: 10.1007/s40747-016-0005-9

Raikov, A. (2018). Accelerating technology for self-organising networked
democracy. Futures 103, 17–26. doi: 10.1016/j.futures.2018.03.015

Raimbault, J., and Pumain, D. (2022). Trade-offs between sustainable development
goals in systems of cities. J. Urban Manag. 11, 237–245. doi: 10.1016/j.jum.2022.05.008

Russell, C. (2019). Does more medicine make us sicker? Ivan illich revisited. Gaceta
Sanit. 33, 579–583. doi: 10.1016/j.gaceta.2018.11.006

Saunders, R., and Bown, O. (2015). Computational social creativity. Artif. Life 21,
366–378. doi: 10.1162/ARTL_a_00177

Schumpeter, J. A. (1976). Capitalism, Socialism and Democracy. London: Routledge.

Sistla, A. P. (1994). Safety, liveness and fairness in temporal logic. Form. Aspects
Comp. 6, 495–511. doi: 10.1007/BF01211865

Spaiser, V., Ranganathan, S., Swain, R. B., and Sumpter, D. J. T. (2017). The
sustainable development oxymoron: quantifying and modelling the incompatibility
of sustainable development goals. Int. J. Sustain. Dev. World Ecol. 24, 457–470.
doi: 10.1080/13504509.2016.1235624

Strauss, C. (2023a). Unlocking Scientific Innovation Through Decentralized Science-
Part I. Stanford Law School Blogs. Available online at: https://law.stanford.edu/
2023/07/27/unlocking-scientific-innovation-through-decentralized-science-part-i/
(accessed July 15, 2024).

Strauss, C. (2023b). Unlocking Scientific Innovation Through Decentralized Science-
Part II. Stanford Law School Blogs. Available online at: https://law.stanford.edu/
2023/07/27/unlocking-scientific-innovation-through-decentralized-science-part-ii/
(accessed July 15, 2024).

UN General Assembly (2015). Transforming Our World: The 2030 Agenda for
Sustainable Development. UN-GA Resolution, United Nations. Available online at:
https://undocs.org/en/A/RES/70/1 (accessed July 24, 2024).

Valentinov, V. (2014). The complexity-sustainability trade-off in niklas luhmann’s
social systems theory. Syst. Res. Behav. Sci. 31, 14–22. doi: 10.1002/sres.2146

Vu., D. V., Tran, G. N., Nguyen, H. T. T., andNguyen, C. V. (2020). Factors affecting
sustainable tourism development in Ba Ria-Vung Tau, Vietnam. J. Asian Finan. Econ.
Bus. 7, 561–572. doi: 10.13106/jafeb.2020.vol7.no9.561

World Commission on Environment and Development (1987). Report of the World
Commission on Environment and Development: Our Common Future. Government
Report, United Nations, New York, NY.

Yin, X., Chen, J., and Li, J. (2022). Rural innovation system: revitalize
the countryside for a sustainable development. J. Rural Stud. 93, 471–478.
doi: 10.1016/j.jrurstud.2019.10.014

Zhang, J. (2003). Growing silicon valley on a landscape: an agent-
based approach to high-tech industrial clusters. J. Evol. Econ. 13, 529–548.
doi: 10.1007/s00191-003-0178-4

Zwass, V. (2010). Co-creation: toward a taxonomy and an integrated research
perspective. Int. J. Electron. Commer. 15, 11–48. doi: 10.2753/JEC1086-44151
50101

Frontiers in Artificial Intelligence 10 frontiersin.org

https://doi.org/10.3389/frai.2024.1236310
https://doi.org/10.12658/human.society.7.14.M0218
https://doi.org/10.5772/5988
https://doi.org/10.5296/jmr.v4i1.1039
https://doi.org/10.1145/360248.360251
https://doi.org/10.1109/TSE.1977.229904
https://doi.org/10.1080/23311886.2019.1653531
https://doi.org/10.1177/095624789200400112
https://doi.org/10.1287/orsc.5.1.14
https://doi.org/10.1093/icc/dth058
https://doi.org/10.1007/s40747-016-0005-9
https://doi.org/10.1016/j.futures.2018.03.015
https://doi.org/10.1016/j.jum.2022.05.008
https://doi.org/10.1016/j.gaceta.2018.11.006
https://doi.org/10.1162/ARTL_a_00177
https://doi.org/10.1007/BF01211865
https://doi.org/10.1080/13504509.2016.1235624
https://law.stanford.edu/2023/07/27/unlocking-scientific-innovation-through-decentralized-science-part-i/
https://law.stanford.edu/2023/07/27/unlocking-scientific-innovation-through-decentralized-science-part-i/
https://law.stanford.edu/2023/07/27/unlocking-scientific-innovation-through-decentralized-science-part-ii/
https://law.stanford.edu/2023/07/27/unlocking-scientific-innovation-through-decentralized-science-part-ii/
https://undocs.org/en/A/RES/70/1
https://doi.org/10.1002/sres.2146
https://doi.org/10.13106/jafeb.2020.vol7.no9.561
https://doi.org/10.1016/j.jrurstud.2019.10.014
https://doi.org/10.1007/s00191-003-0178-4
https://doi.org/10.2753/JEC1086-4415150101
https://www.frontiersin.org/journals/artificial-intelligence
https://www.frontiersin.org

	A framework for extending co-creative communication models to sustainability research
	1 Introduction
	2 Co-creative communication
	2.1 Co-creative communication process in innovation
	2.2 Distinct types of co-creative communication

	3 Co-creative communication as a key to achieving sustainability
	4 Sustainability of social systems
	4.1 Transition systems
	4.2 Sustainability related states and transitions
	4.3 Sustainability as a property of a social system

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


