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ABSTRACT

Social machines have long been a topic of theoretical and empirical
interest for the Web and Internet science community. Although
there is no widespread agreement as to the precise meaning of
the term “social machine,” the term has served as something of
a conceptual anchor for research efforts into a number of online
systems, such as Facebook, Wikipedia, and Galaxy Zoo. Recently,
the term “social machine” has surfaced in a somewhat different
disciplinary context. In particular, it has been applied to systems
that are commonly referred to as cyber-physical systems. Here, the
residual ambiguity surrounding the meaning of the term “social
machine” has stymied efforts to understand the nature of the re-
lationship between social machines and cyber-physical systems.
This situation is further complicated by the absence of a precise
conceptual understanding of cyber-physical systems. The present
paper outlines an approach to understanding both social machines
and cyber-physical systems that is intended to resolve this impasse.
Inspired by recent work in the philosophy of science, we present a
mechanistic (or neo-mechanical) account of social machines that
draws attention to the features of socio-technical mechanisms. Such
an account, we suggest, is able to accommodate the intuitions of
Web scientists regarding the nature of social machines, while si-
multaneously illuminating the nature of the relationship between
social machines and cyber-physical systems. As an added bonus,
the account speaks to the interdisciplinary concerns of the Web
science community by highlighting a link between the science of
social machines and mechanism-based approaches in the social
sciences.

CCS CONCEPTS

« Information systems — World Wide Web; - Human-centered
computing — Collaborative and social computing theory,
concepts and paradigms; Ubiquitous and mobile computing; «
Networks — Cyber-physical networks.
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1 INTRODUCTION

Social machines are a prominent focus of research attention for
the sciences of the Web and Internet [27, 28, 42]. For the most
part, the term “social machine” has been applied to a familiar array
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of Web-based systems. These include systems such as Wikipedia
[22, 27, 37, 41], Facebook [27], Twitter [22], and Galaxy Zoo [22,
41]. Recently, however, some have called for an expansion in the
scope of the social machine research effort. De Roure et al. [14], for
example, suggest that the “concept of Social Machines has become
an established lens to describe the sociotechnical systems of Web
Science” and that such a lens can be applied to the study of Cyber-
Physical Systems (CPSs) [14, p. 65].

The primary aim of the present paper is to explicate the nature
of the relationship between social machines and CPSs. Our un-
derstanding of this relationship is complicated by the absence of
precise definitions for both the social machine and CPS concepts.
From an analytical perspective, then, we confront two challenges.
The first is a normative conceptual challenge: How ought we to
conceptualize social machines and CPSs? The second challenge is
one of understanding the nature of the relationship between social
machines and CPSs. Is it the case, for example, that some CPSs can
be regarded as social machines? Or is the relationship between so-
cial machines and CPSs somewhat more methodological in nature
(e.g., CPSs ought not to be regarded as social machines, but some
of the methods developed to study social machines are applicable
to CPSs)?

In the present paper, we outline a theoretical account of social
machines that is intended to serve as the conceptual foundation for
future theoretical and empirical work. This account is what we call
the mechanistic view of social machines. We show how the mecha-
nistic view is able to accommodate many of the intuitions voiced by
social machine researchers about the nature of social machines. We
also map out the nature of the relationship between social machines
and CPSs with a view to facilitating interdisciplinary collaboration.

The structure of the paper is as follows: Section 2 provides an
overview of the mechanistic view of social machines. Our aim in
this section is to provide a summary of the main concepts associated
with the mechanistic view; in particular, we focus our attention
on those concepts that are relevant to the remainder of the paper.
Section 3 provides an overview of CPSs. Here, we review some of
the definitions that have been offered in respect of CPSs. We also
describe some of the ways of thinking about CPSs. Section 4 extends
the discussion of CPSs to include what are called Cyber-Physical-
Social Systems (CPSSs). These systems, we suggest, provide a point
of contact with the notion of a social machine, which is established
courtesy of the mechanistic view. In Section 5, we highlight how
a mechanistic approach to social machines provides the concep-
tual foundation for interdisciplinary work that spans the social,



computational, and engineering sciences. Section 6 concludes the
paper.

2 SOCIAL MACHINES

Social machines were first introduced into Web science by Berners-
Lee and Fischetti [4]. According to their characterization:

Real life is and must be full of all kinds of social constraint—
the very processes from which society arises. Computers
can help if we use them to create abstract social machines
on the Web: processes in which the people do the creative
work and the machine does the administration. [4, p. 172]

This is what we will call the content creation view of social ma-
chines. According to this view, we confront a social machine when-
ever we encounter a process in which there is a discernible division
of labor between the human and technological elements of a Web-
based system. In particular, the contributions of the human partici-
pants should correspond to a form of creative activity, whereas the
contributions of the technological elements should correspond to a
form of administrative activity.

In recent years, there have been a number of further attempts
to characterize social machines. Hooper et al. [29], for example,
conceive of social machines as problem-solving systems, i.e., socio-
technical systems that aim to resolve problems in a socially dis-
tributed fashion. A not altogether incompatible view is proposed
by Palermos [37]. Palermos suggests that we should regard social
machines as distributed cognitive systems, i.e., as systems in which
cognitive processing routines (e.g., problem-solving processes) are
distributed across human agents and technological artifacts. Social
machines have also been approached from a socio-computational
perspective. Horsman [30], for example, characterizes social ma-
chines as “computational ecosystems comprising both digital com-
puters and multiple human users, all acting towards a computa-
tional goal” [30, p. 2].

The view of social machines to be outlined here is what is known
as the mechanistic view [see 44]. From the standpoint of the mecha-
nistic view, social machines are online systems whose events, states,
and processes are realized by a socio-technical mechanism—that is,
a mechanism consisting of both social components (e.g., human in-
dividuals) and technological components (e.g., conventional digital
computers). The idea, in essence, is that we discern a social machine
whenever our attempts to explain some form of online phenome-
non lead us to the conclusion that a socio-technical mechanism is
responsible for the phenomenon in question.

The mechanistic view of social machines is rooted in a body
of philosophical work that has come to be known as mechanical
philosophy [19, 20]. This is a specialist area of the philosophy of
science that concerns itself with the nature of mechanisms and the
role they play in our scientific understanding of the world [10]. It
should come as no surprise, therefore, to learn that mechanisms lie
at the heart of the mechanistic view of social machines. While there
are disagreements as to the precise meaning of the term “mecha-
nism,” the central features of the mechanism concept are captured
in the following generic definition by Illari and Williamson [32]:

A mechanism for a phenomenon consists of entities and
activities organized in such a way that they are responsible
for the phenomenon. [32, p. 120]
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As is clear from this definition, the building blocks of mecha-
nisms are what are called “entities” and “activities.” Entities are
typically conceived as material objects, along with their associated
properties. They are the physical parts of mechanisms—the things
that make up the mechanism. Activities, by contrast, are typically
conceptualized as the “producers of change” [35, p. 3] and as the
“causal components of mechanisms” [9, p. 6]. They “are the things
that the entities do” [12, p. 16]. In many cases, the activities describe
the nature of the interactions between the entities that make up a
mechanism, as when we say that an enzyme (entity) phosphorylates
(activity) a protein (entity), a neuron (entity) releases (activity) a
neurotransmitter (entity), a human agent (entity) edits (activity) a
Wikipedia entry (entity), and a human agent (entity) tags (activity)
an online image (entity).

Illari and Williamson’s [32] definition is the one we will adopt
in the present paper. Accordingly, we will define a socio-technical
mechanism as a mechanism that consists of entities of a particular
type. In particular, we suggest that a socio-technical mechanism
is a mechanism that consists of entities of two types. These are
what we will call social components and technological components.
For the purposes of this paper, we will assume that the social com-
ponents are human individuals and the technological components
are digital computational systems or devices. A socio-technical
mechanism is thus a mechanism in which human individuals (qua
social components) and digital computers (qua technological com-
ponents) interact in such a way as to be responsible for some kind
of phenomenon.

Figure 1a shows a common depiction of a mechanism, which
is attributable to Craver [9]. Craver refers to the mechanism as
S and the entities of the mechanism as X1, Xy, ..., Xj,. S’s activity
is denoted by the symbol V. S’s W-ing is deemed to represent the
behavior of the mechanism as a whole. The activities of the enti-
ties that comprise the mechanism are denoted by @1, @y, ..., @y,
Together, the entities and activities are what are called the compo-
nents of the mechanism. The directed arrows represent the causal
interactions between the components. It is these causal interactions
that are deemed to be responsible for S’s W-ing.

Figure 1b depicts a socio-technical mechanism using Craver’s
diagrammatic scheme. This is intended to represent the sort of mech-
anism that is targeted by the mechanistic view of social machines.
The first thing to note about this mechanism is that it consists of
multiple human individuals. We assume that in order for a mecha-
nism to count as a socio-technical mechanism, it must consist of
multiple human individuals. This is what we will refer to as the
sociality criterion. The sociality criterion is important, because it
is at best unclear that a mechanism consisting of a single human
individual ought to be counted as a socio-technical mechanism.
Socio-technical mechanisms, we suggest, are best seen as a partic-
ular kind of social mechanism, which are the sort of mechanisms
that are the target of mechanism-oriented approaches in the social
sciences [e.g., 26, 52]. In this sense, the mechanistic view provides
a conceptual foundation for interdisciplinary work with the social
sciences, especially with approaches that seek to explain social phe-
nomena via an appeal to social mechanisms [e.g., 24] (see Section 5,
for more on this).

In addition to multiple human individuals, a socio-technical
mechanism consists of one or more technological components.
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Figure 1: A graphical depiction of a phenomenon (top) and its mechanism (bottom) [adapted from 9]. (a) In a general sense, a
mechanism consists of components (X1, Xz, ..., X,;) that interact (arrows) in such a way as to constitute or realize the phenom-
enon of interest. (b) A socio-technical mechanism of the sort targeted by the mechanistic view.

For present purposes, we can think of technological components
as conventional digital computers, although nothing about the
mechanistic view precludes the idea that other kinds of technology
could form part of a socio-technical mechanism.!

In order for a mechanism to qualify as a socio-technical mech-
anism it must, therefore, consist of multiple social components
and one or more technological components. What makes these
components part of a common mechanism is the fact that they are
deemed constitutively relevant to an explanandum phenomenon
(i.e., the phenomenon that is the target of a mechanistic explana-
tion). There is an important distinction to be made here between
the notion of causal relevance and the notion of constitutive rele-
vance [see 8]. Causal relevance identifies the material elements that
are causally relevant to a phenomenon, in the sense of helping to
produce, generate, or bring about the phenomenon. Constitutive
relevance, by contrast, identifies the components that realize or
constitute a phenomenon.? From the standpoint of the mechanis-
tic view, the kind of relevance we are looking for is constitutive
relevance. It is thus not enough to say that a particular phenome-
non was caused by some set of social and technological elements.
Instead, what we are looking for is a state-of-affairs in which the
social and technological elements form part of the physical fabric
that realizes or constitutes a particular phenomenon. In most cases,
this means that the social and technological elements must work
together as an integrated whole, with individual components inter-
acting with other components, pretty much as the components of
an internal combustion engine work together to realize the loco-
motory phenomena of a conventional automobile. In all likelihood,
it is this requirement for socio-technical integration that underlies

11t should also be noted that social and technological components need not exhaust
the constituents of a socio-technical mechanism. That is to say, a socio-technical
mechanism may include components that do not qualify as social or technological.
2Note that in the present paper we treat the notions of mechanistic constitution [e.g.,
3] and mechanistic realization [e.g., 50] as synonymous.

a number of recent attempts to define social machines. Within
the social machine literature, we thus encounter the idea of social
machines as “purposefully designed sociotechnical system[s] com-
prising machines and people” [15], as systems in which “the human
and digital parts... [form] a machine in which the two aspects are
seamlessly interwoven” [43], as “large-scale sociotechnical systems
that combine human and machine computations and interactions
into a new system with emergent characteristics” [1], as systems
in which the “components...are people and technologies” [36], as
systems that involve “the co-constitutional involvement of humans
and technologies” [46], as systems whose “behaviour [is] co-created
by human participants and technological components” [14], and
as systems that are constituted by “humans, machines, and their
interactions” [45].

The arrows in Figure 1b represent the causal links between the
components. These arrows indicate the diversity of interactions
that are permissible under the mechanistic view. Note, for exam-
ple, that component ‘interactions’ can be either unidirectional or
bidirectional. Similarly, the interactions can be of various kinds.
We thus have examples of human-human, machine-machine, and
human-machine interactions. All of these interactions are permissi-
ble under the mechanistic view. The only constraint imposed on the
causal exchanges is that some of these exchanges must involve the
use of Internet protocols. This is what we will call the Internet Proto-
col (IP) criterion. The IP criterion is intended to restrict the notion of
a social machine to the Web or Internet. In short, the IP criterion is
intended to focus our attention on a specific class of socio-technical
systems, namely, those that qualify as Web- or Internet-based sys-
tems (or, more informally, online systems). This is consistent with
the scope of the social machine research effort. For the most part,
research into social machines focuses on systems that rely (at least
in part) on the use of Web-specific application protocols, such as
HyperText Transfer Protocol (HTTP). Examples of such systems
include Facebook, Wikipedia, Twitter, Galaxy Zoo, and so on. In



addition to these Web-based systems, it has been suggested that the
social machine concept is also applicable to Internet-based systems
[1, 15, 29, 44]. Such claims are typically made in relation to the
communication protocols used by mobile apps and games, as well
as the protocols employed to support the Internet of Things (IoT).

To summarize the mechanistic view: Social machines are systems
that are associated with one or more socio-technical mechanisms,
where the notion of a socio-technical mechanism is to be understood
as a particular kind of (hybrid) mechanism that is composed of
elements drawn from both the social (e.g., human individuals) and
technological (e.g., conventional digital computers) realms. What
makes something a social machine is the fact that a socio-technical
mechanism realizes the phenomena exhibited by the larger system
(i-e., the social machine). From the standpoint of the mechanistic
view, then, the presence of a socio-technical mechanism is used to
determine whether some online system ought to be counted as a
bona fide social machine. The core idea is that when we encounter
some system on the Web—Wikipedia, let’s say—we should judge
whether this system is a social machine based on the presence of a
socio-technical mechanism that constitutes or realizes one of the
phenomena associated with the relevant system.

3 CYBER-PHYSICAL SYSTEMS

The traditional focus of the social machine research effort includes
systems such as Facebook, Wikipedia, Galaxy Zoo, and so on. These
are what we might call traditional or classic examples of social
machines. In recent years, however, the term has been applied
to systems of a seemingly different nature. One example of this
stems from work by De Roure et al. [14]. In their paper, “Towards a
Cyberphysical Web Science,” De Roure et al. discuss the application
of the term “social machine” to the augmented reality game Pokémon
Go! The details of this work need not concern us here. What matters,
for present purposes, is simply the idea that there exists some sort
of relationship between the notion of a social machine and a CPS.
This relationship is deemed to be of interest to Web scientists, De
Roure et al. suggest, on the grounds that “Web Science is becoming
‘cyberphysical’, with a deepening intertwining of the digital and
physical worlds and the algorithms that connect them” [14, p. 65].

In order to understand the nature of the relationship between
social machines and CPSs we need to understand what is meant
by the terms “social machine” and “cyber-physical system.” The
mechanistic view provides us with a theoretical account of what it
means for something to count as a social machine, but it clearly tells
us nothing about what it means for something to count as a CPS.
This is problematic because there is no widely-accepted definition
of the term “cyber-physical system.” Some of the definitions of CPSs
on offer are the following:

The concept of a cyber-physical system is a generalization
of embedded systems.? A cyber-physical system consists
of a collection of computing devices communicating with
one another and interacting with the physical world via
sensors and actuators in a feedback loop. [2, p. 1]

3This is the view of embedded systems that we will adopt in the present paper. We
thus suggest that the class of embedded systems ought to be seen as a proper subset
of the class of CPSs. It follows, therefore, that every embedded system will qualify as
a CPS.
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Cyber-Physical Systems (CPS) are integrations of compu-
tation and physical processes. Embedded computers and
networks monitor and control the physical processes, usu-
ally with feedback loops where physical processes affect
computations and vice versa. [34, p. 363]

Cyber-physical systems (CPS) are physical and engineered
systems whose operations are monitored, coordinated, con-
trolled and integrated by a computing and communication
core. [40, p. 731]

A cyber-physical system (CPS) is composed of a physical
system and its corresponding cyber systems that are tightly
fused at all scales and levels. [51, p. 320]

Cyber-physical systems (CPSs) enable the physical world
to merge with the virtual world by integrating computation
and physical processes. A CPS facilitates tight integration
between computation, communication, and control in its
operation and interactions with the environment in which
it’s deployed. [21, p. 4]

The problem with these definitions is that they tend to raise more
questions than they answer. What does it mean, for example, for
computational processes to be integrated with physical processes?
What exactly is a cyber system? And how is a cyber system distinct
from a physical system, given that a computational system (e.g.,
a conventional computer) would seem to qualify as a bona fide
physical system [see 38]?

Clearly, we will not have the space to address all these issues in
the present paper. With this in mind, we will assume that the term
“cyber system” is a reference to some form of digital computational
device (e.g., a conventional digital computer or a microcontroller).
We will then assume that the term “physical system” is a reference
to any system that does not qualify as a cyber system. Based on
these assumptions, the term “cyber-physical system” is deemed to
refer to any system that involves some form of interaction between
a cyber system and a physical system. In essence, a CPS is a hybrid
system that features the exchange of information, energy, and/or
materials between a (digital) computational system and a system
that is not typically thought of in computational terms. This does
not mean that the larger systemic organization (i.e., the hybrid
system) should, itself, be thought of as a computational system
(although nothing discounts that possibility). A washing machine,
for example, is not, by itself, typically thought of as a computational
system; nevertheless, its behavior is, at least in part, the product of
computational processes.

There are, in fact, a number of ways in which this appeal to
hybridity can be understood. These include the following:

e Compositional View: A CPS is a system that is composed
of both a cyber system and a physical system.

e Controller View: A CPS is a system in which a cyber sys-
tem controls a physical system.

o Constitutional View: A CPS is a system whose phenomena
(i.e., events, states, and processes) are realized by a hybrid
mechanism, which itself consists of a cyber system and a
physical system (i.e., the cyber and physical [sub]systems
are constitutively relevant to the phenomena exhibited by
the larger [hybrid] system).
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Of the three views on offer, it should be clear that the constitu-
tional view is the one that is most closely aligned with the mecha-
nistic view of social machines described in Section 2. That being
said, it should also be clear that the sort of mechanisms targeted
by the constitutional view are not the same as those associated
with the mechanistic view. The mechanistic view, recall, requires
us to identify mechanisms that are constituted (inter alia) by social
and technological components. It also mandates that some of the
operations of these mechanisms will be mediated via the use of
Internet protocols. Neither of these features are explicitly required
by the constitutional view, although it is also true (and this is the
important bit) that there is nothing about the constitutional view
that would rule out the possibility of some CPSs qualifying as so-
cial machines. For a CPS to qualify as a social machine under the
constitutional view, the CPS will need to feature mechanisms that
include (as components) multiple human individuals (the sociality
criterion) and digital computational systems/devices. It will also
need to feature mechanisms that rely on the use of Internet proto-
cols (the IP criterion). As we will see, neither of these constraints
pose much of a problem for the constitutional view of CPSs. In
respect of the IP criterion, for example, it is perfectly permissible
for CPSs to exploit IoT or Web of Things (WoT) devices as part of
their functional operation, and we have already seen that there is
nothing about the mechanistic view that would preclude the use
of such devices in a social machine context. There is, of course,
nothing about the constitutional view of CPSs that would man-
date the use of IoT devices as part of a socio-technical mechanism;
nevertheless, much of the research into CPSs is centered around
the use of such devices [6, 13]. In particular, IoT devices are often
used as part of the sensor and actuator suite of contemporary CPSs.
There is also considerable interest in understanding how the Inter-
net and Web can be exploited to support the ad hoc assembly of
different CPSs based on a common commitment to Internet- and/or
Web-related standards. Such standards include those governing
network-mediated communication (e.g., IP-compatible networks),
service provision (e.g., Web services), and data representation (e.g.,
the use of Semantic Web formalisms).

Relative to the claim that some CPSs may qualify as social ma-
chines, then, the IP criterion is not particularly problematic: there
appears little reason to doubt that (at least some) CPSs will exploit
the communicative and representational resources of the Internet
and Web as part of their functional operation. Much the same can be
said about the sociality criterion, although we reserve a discussion
of this issue for Section 4. For the time being, it is worth noting
that the constitutional view should not be viewed as an ad hoc
characterization of CPSs—one that is intended to service the inter-
ests of the mechanistic view. That is to say, we should not see the
constitutional view as a form of definitional contrivance. Instead,
the constitutional view is intended to reflect the definitional efforts
of those in the CPS community. Consider, for example, the way in
which Rajkumar et al. [39] characterize CPSs:

The National Science Foundation defines cyber-physical
systems (CPS) as “engineered systems that are built from,
and depend upon, the seamless integration of computa-
tional algorithms and physical components”—that is, cyber

and physical components. In practical terms, this integra-
tion means that, to understand CPS behavior, we cannot
focus only on the cyber part or only on the physical part.
Instead, we need to consider both parts working together.
[39, p. xiii]

What is interesting about this characterization is the empha-
sis placed on integration and understanding. This echoes one of
the central themes of the mechanistic view—the idea that in order
to understand or explain some system-level phenomenon we are
required to advert to an explanatory account that identifies and
describes the mechanism that is responsible for the explanandum
phenomenon. Obviously, Rajkumar et al. [39] are not relying on
the phraseology adopted by those who analyze mechanism-related
concepts. Nevertheless, their definition does appeal to ideas that are
prevalent in the relevant philosophical literature. This includes the
idea that explanatory efforts are guided by a consideration of “parts”
that are, in some sense, “working together.” Such characterizations
echo the sort of claims made by the proponents of mechanical phi-
losophy. Craver [11], for example, refers to mechanism components
as “working parts” Components, he suggests, “are not mere spatial
or temporal parts but working parts—parts that are involved in,
contribute to, or make a difference to the property or activity of
the whole” [11, p. 14].

4 INCORPORATING THE SOCIAL

In Section 2, we saw that in order to confirm the status of a system
as a social machine we need to isolate a mechanism that satisfies
the sociality criterion. What this means is that a mechanism should
consist of two or more human individuals. As things stand, there is
nothing about the notion of a CPS that would suggest that some
CPSs ought to be regarded as social machines. This is because there
is no reason to think that any CPSs are required to satisfy the so-
ciality criterion. In recent years, however, there has been a growing
interest in a specific class of CPSs that does make explicit refer-
ence to the social realm. These systems are what are known as
Cyber-Physical-Social Systems (CPSSs). Examples of such systems
are many and varied. They include the likes of smart cities [5, 7, 13],
smart enterprises [49], smart transportation systems [51], environ-
ment monitoring systems [13, 17], vehicle platooning systems [16],
and smart senior caring systems [31].

As with CPSs, there is no widely accepted definition of the term
“cyber-physical-social system.” As a specific kind of CPS, we can
assume that CPSSs inherit the features of CPSs. Similarly, it is at
least plausible that all of the views discussed in Section 3 (i.e.,
the compositional, controller, and constitutional views) are appli-
cable to CPSSs. As with the more generic notion of a CPS, it is
the constitutional view that is the most closely aligned with the
mechanistic view of social machines. According to a constitutional
view of CPSSs, a CPSS is a system whose phenomena (i.e., events,
states, and processes) are realized by a mechanism that consists of
components that are drawn from the physical, social, and cyber
realms.

At this point, we are in a position to explicate the relationship
between social machines and CPSs. From the standpoint of a con-
stitutional perspective, CPSSs will satisfy the sociality criterion
and they are thus a suitable candidate for inclusion in the class
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Figure 2: The class of social machines occupies a region
that lies at the intersection of cyber systems and social
systems (shaded ellipse). [CPS: Cyber-Physical System; PSS:
Physical-Social System; CSS: Cyber-Social System; CPSS:
Cyber-Physical-Social System. ]

of social machines. Providing such systems also meet the IP crite-
rion (e.g., they involve the use of IoT devices), then such systems
will, we suggest, qualify as social machines. The nature of this re-
lationship is depicted in Figure 2. In this figure, the class of social
machines is represented by the shaded ellipse. Social machines
are thus seen to occupy a region that lies at the intersection of
cyber systems (i.e., computational systems) and social systems. In
effect, social machines are conceptualized as hybrid systems that
straddle the computational and social realms. A particular subset
of these systems will also qualify as CPSSs (and thus CPSs). Such
systems lie at the intersection of physical systems, cyber systems,
and social systems. For the sake of convenience, let us refer to
this particular class of social machines as Cyber-Physical Social
Machines (CPSMs). Such systems are importantly distinct from
social machines of the more traditional variety, such as Wikipedia
or Galaxy Zoo. They are distinct on account of the fact that CPSMs
qualify as bona fide members of the class of CPSs. This is not the
case for systems that have been the typical focus of attention for
the social machine community. A system such as Galaxy Zoo, for
example, will qualify as a Cyber-Social System (CSS), but there is
no reason to think that it ought to be recognized as a CPSS. Ac-
cording to the conceptual approach on offer, a social machine will
only qualify as a CPSM if it also qualifies as a CPS. When this is
the case, it will also qualify, we suggest, as a CPSS. In this sense, all
the examples of CPSSs mentioned in the scientific and engineering
literature (e.g., smart cities, smart transportation systems, and so
on) are at least candidate members of the class of social machines
(specifically, the class of CPSMs).

The mechanistic view of social machines thus provides the basis
for a particular way of thinking about the relationship between
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social machines and CPSs. This is no doubt useful when it comes to
our conceptual understanding of CPSs and social machines, but the
‘market value’ of the mechanistic view is likely to hinge on more
than just an improvement in how we think about social machines.
In all likelihood, there are additional issues to be addressed before
the conceptual approach on offer ought to be regarded as of any
practical significance or relevance. For a start, it is not particularly
clear that a commitment to the constitutional view really amounts
to much. What difference does it really make if we view CPSSs
from the standpoint of the controller view as opposed to the con-
stitutional view? Does this kind of conceptual distinction really
mark a significant shift in the practical effort to study, understand,
evaluate, and (importantly) design CPSSs? Similarly, it is not par-
ticularly clear why we should care about the distinction between
CPSMs and social machines of the more traditional variety. Does
this conceptual distinction really amount to anything of practical
interest or relevance for the Web and Internet science community?
Does it, for example, alter the way we study, model, and build social
machines?

These are important issues, and they ought to be given a far
more detailed airing than we can offer here. For present purposes,
however, will attempt to provide something in the way of an initial
response to these issues.

First, let us consider the relative merits of the constitutional
view, as opposed to the controller view. The main advantage of
the constitutional view is that it encourages us to consider the
role of the human social environment in securing certain system-
level properties. From the standpoint of the constitutional view, we
confront an integrated socio-technical system, and the properties
of this system are related to the functional inter-operation between
the social and technological constituents of the system. This means
that properties like resilience, reliability, security, energy efficiency,
trustworthiness, and so on, might supervene on mechanisms that
factor in the contributions of human participants.

As a means of helping us get a better grip on this idea, consider
the way in which we might approach the phenomenon of human
hand movements from the standpoint of the controller view. The
human hand is evidently distinct from the biological brain, at least
in an anatomical sense, and it seems perfectly legitimate to regard
the brain as a source of control signals for specific hand movement
trajectories. From the standpoint of the controller view, then, we
will be inclined to view the biological brain as a form of control
system. The hand, in this case, is not part of the material mix that
yields a solution to the relevant control problem; it is instead, part of
the problem that must be solved. Presumably, then, the mechanisms
that yield a solution to this problem will not lie within the hand
itself. They must lie elsewhere; in all likelihood, they are neural
mechanisms located within the biological brain.

Now contrast this with the perspective afforded by the consti-
tutional view. From the standpoint of the constitutional view, we
will see the hand not so much as something that lies external to the
control mechanism but as an intrinsic part of the mechanism that
solves the control problem.

Interestingly, of these two perspectives, it is the constitutional
perspective that appears to be vindicated by empirical research.
Using a combination of real-world cadaveric experiments and com-
puter simulations, Valero-Cuevas et al. [48] show how the tendon
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network of the human hand forms part of an anatomically dis-
tributed information processing system for the control of finger
movements. The mechanisms responsible for movement control are
thus not contained solely within the biological brain; instead, they
are distributed across the nervous system and tendon network, such
that “part of the controller is embedded in the anatomy, contrary
to current thinking that attributes the control of human anatomy
exclusively to the nervous system” [48, p. 1165].

The shift in perspective (from the controller view to the consti-
tutional view) is important, for it alters the way we think about
the design of CPSMs. In particular, a constitutional approach en-
courages us to consider the various ways in which the human
social environment may play a productive role in solving particular
problems, or at least influencing the kinds of things we regard as
relevant to the problem-solving effort. Such a perspective is already
arguably well-represented by existing work in Web science, espe-
cially that which focuses attention on the way in which human
individuals (or collections thereof) are be incorporated into compu-
tational routines [e.g., 33]; it is, however, a perspective that remains
to be fully explored in a cyber-physical setting.

Let us now direct our attention to the second issue raised above:
the issue about the merits of distinguishing between traditional
social machines and CPSMs. In respect of this issue, it is important
to consider some of the features that make CPSs worthy of spe-
cialist scientific and engineering attention. All CPSMs, recall, are
CPSSs (and thus CPSs), so the features that make CPSSs deserving
of specialist scientific/engineering attention will also be those that
make CPSMs worthy of specialist scientific/engineering attention.
One such feature concerns the particular technical challenges as-
sociated with the implementation of CPSs. Such challenges are
well-recognized. They include issues of concurrency, reactive com-
putation, real-time computation, and the challenges of integrating
discrete-time and continuous-time systems [see 2, pp. 2-5]. Other
challenges relate to issues of (big) data processing, mobility, and
the need for decentralized control schemes. Such challenges are
typically seen to require a shift in the methods and practices of
computer science.

In addition to the technical challenges, there are reasons to think
that CPSMs ought to be distinguished from traditional social ma-
chines on account of their socially-relevant properties. Consider,
for example, that many traditional social machines are founded on
voluntary forms of social participation. There is, for example, no
reason why individual human agents are obliged to participate in
a citizen science system, such as Galaxy Zoo. This means that the
designers of traditional social machines need to give due care and at-
tention to the forces and factors that motivate human participation
in the system [e.g., 47].

For the most part, then, traditional social machines (e.g., Face-
book, Twitter, Wikipedia, Galaxy Zoo, and so on) are what we
might call facultative social machines. They are social machines that
feature voluntary forms of social participation. In contrast to facul-
tative social machines, obligate social machines are social machines
characterized by more obligatory forms of social participation. An
example of such a system might be a smart transportation system,
where one’s participation in the system is not so much a matter of
choice, as it is a de facto feature of social life: if an individual wants
to travel from A to B, they might have little choice but to participate

in the system. One could, of course, opt to refrain from travelling,
but this might require a more general retreat from society. And
with the transition to a smart society (and, perhaps ultimately, a
smart planet), there are likely to be progressively fewer and fewer
places where one can retreat to.

This, then, is one of the reasons why the distinction between
traditional social machines and CPSMs matters. In particular, we
suggest that traditional social machines are more likely to be of
the facultative rather than the obligate variety, while the reverse
is likely to be true for CPSMs. This distinction is not clear-cut, of
course, since some CPSMs may be more facultative than others.
Nevertheless, the distinction is important when it comes to under-
standing some of the features of CPSMs. Compared to traditional
social machines, CPSMs are more likely to be of the obligate variety
and this necessitates a careful consideration of their social impact
(as well as, perhaps, the ethics of their deployment). For traditional
social machines issues of incentivization and motivation are all-
important; for CPSMs, the focus is more likely to be on issues of
social acceptance and inclusivity. Traditional social machines are
like places we visit, but CPSMs may ultimately become the place
we call our social home.

Additional reasons to merit a distinction between traditional
social machines and CPSMs relate to issues of privacy, safety, secu-
rity, and economic impact. A temporary disruption in Facebook’s
service offering is no doubt annoying, but a similar disruption to a
smart city application or a smart transportation system is apt to be
much more profound. If nothing else, the financial costs associated
with these disruptions are not the same: the costs of disrupting
Facebook are mostly felt by a corporate entity; the costs associated
with the disruption of a smart transportation system are likely to
be felt across multiple sectors of society.

This is not to say that disruptions to traditional social machines
are inconsequential or unimportant, but it is surely the case that the
shift to CPSMs does entail an accentuation of the sort of concerns
(e.g., privacy, security, etc.) that accompany their traditional coun-
terparts. A smart city application or smart transportation system is
not just an application that is tacked onto the social life of the city, it
is (especially according to the constitutional view) an integral part
of what makes a (smart) city the thing it is. The claim, then, is that
CPSMs are apt to feature an accentuation of the sort of concerns
that are already associated with traditional social machines. This
has implications for how CPSMs are designed, modelled, and devel-
oped. In particular, it is likely that CPSMs will need to comply with
the sort of constraints that are typically applied to CPSs, including,
for example, a susceptibility to formal verification methods [see 39,
chap. 6].

While there are reasons to see CPSMs as distinct from traditional
social machines, it is also important that we do not overplay such
differences. In particular, it is probably a mistake to see CPSMs as
wholly distinct from traditional social machines. This is one of the
disadvantages of the conceptual scheme depicted in Figure 2, since it
encourages us to think of CPSMs as entirely distinct from traditional
social machines. In reality the picture is much more complicated,
since there is no reason why a traditional social machine should not
be incorporated into a larger system that, itself, qualifies as a CPSM.
As noted by De et al. [13], there are a number of ways in which
social media systems might be exploited in the context of CPSSs. A



specific example of this comes from a study by Du et al. [17]. They
describe how the analysis of Twitter messages might be used in
the context of an air quality monitoring system. In particular, they
suggest that social media data can be used in conjunction with air
quality sensors to support air quality assessments. The advantage of
this approach is that it affords an opportunity to gather information
about the subjective experiences and reactions of urban residents
in a manner that is difficult (if not impossible) to acquire from
conventional (technological) sensors.

It is also worth noting that nothing about the concept of a CPSM,
as it is presented here, precludes the use of technologies that are
typically encountered in the case of traditional social machines.
One example of how a familiar array of Web technologies might be
incorporated into a CPSM stems from work by Costanzo et al. [7].
They describe a smart city application, called Wi-City-Plus, which
combines the use of social data with Semantic Web technology to
provide a range of information services to urban residents. As part
of their approach, Costanzo et al. describe how various bodies of
data are mapped to a common ontology and then processed using
rules expressed in a query language developed specifically for the
Semantic Web, namely, SPARQL.

5 SOCIAL MECHANISMS AND SYNTHETIC
SOCIOLOGY

Web science has long been recognized as a research effort that in-
vites (and perhaps requires) productive forms of engagement and
collaboration with a rich array of academic disciplines. Given that
the Web is typically conceived as a socio-technical system, it is
relatively easy to identify some of the disciplines that might be
relevant to Web science (computer science and social science being
two of the more obvious candidates). It is, however, much harder to
specify why such interdisciplinary efforts are required, or what the
common conceptual ground for such interdisciplinary efforts might
be. Courtesy of the emphasis placed on socio-technical mechanisms,
the mechanistic view of social machines provides us with a poten-
tial answer to such questions. In particular, the mechanistic view
establishes contact with mechanism-based approaches in the social
sciences, i.e., approaches that seek to explain social phenomena by
detailing the mechanisms responsible for such phenomena.
Within contemporary sociology, the mechanistic approach finds
its clearest and most explicit expression in what has come to be
known as analytical sociology [23, 24]. This is a sub-field of contem-
porary sociology that focuses its attention on the mechanisms that
underlie social phenomena. Such mechanisms, it is claimed, consist
of individuals and the relationships that exist between individuals:

Analytical sociology explains by detailing the mechanisms
through which social facts are brought about, and these
mechanisms invariably refer to individuals’ actions and the
relations that link actors to one another. [25, p. 4]

The emphasis that analytical sociology places on social mecha-
nisms is perfectly consistent with the mechanistic view of social
machines. The only substantial difference is that the mechanistic
view encourages us to see the technological elements of the Web
and Internet as constitutively relevant to the sort of phenomena
that are the focus of explanatory efforts in the social sciences. In
essence, the mechanistic view encourages us to see the Web and
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Internet as part of the machinery of the human social world—part
of the causally-active physical fabric that makes certain types of
social phenomena materially possible.

The extent to which the proponents of analytical sociology might
be willing to embrace this idea is unclear, since much of the work
in analytical sociology expresses a commitment to individualist
doctrines that emphasize the explanatory importance of human
individuals, sometimes to the exclusion of other entities [see 26].
There is, of course, a sense in which analytical sociologists are right
to emphasize the explanatory importance of human individuals
when it comes to the explanation of social phenomena. As noted
by Hédstrom [23]:

...if we were able to press a pause button that suddenly
froze all individuals and prevented them from performing
any further actions. All social processes would then come
to an immediate halt. (p. 28)

The mistake, however, is to assume that just because human
individuals are important (perhaps essential) components of social
mechanisms that all social mechanisms must be constituted by
human individuals to the exclusion of other entities. The danger
with such an approach is that it risks blinding us to the possibility
that certain kinds of social phenomena might be realized by mecha-
nisms that consist of more than just human agents. This is not to say
that social phenomena can be realized in the absence of (multiple)
human individuals, but it is surely the case that the Internet and
Web are at least candidates for inclusion into social mechanisms.
After all, if we tweak the aforementioned counterfactual posed by
Heédstrom and ask ourselves what would happen if we were to press
a button that suddenly disabled all the computers on the Internet
and the Web, then it is not entirely clear that our contemporary
society could continue to operate in quite the same way as it does
at the moment. No doubt some social processes would survive the
technological cataclysm, but a great many processes would also
stand to be changed, or perhaps suspended altogether.

There is, no doubt, much more to be said about the extent to
which the technological elements of the Web and Internet ought to
be included in social mechanisms (and thus referenced as part of
mechanistically-oriented social explanations). For present purposes,
however, it is at least plausible that certain kinds of social phenom-
ena are realized by the sort of mechanisms that lie at the heart of
the mechanistic view of social machines. In this sense, the mecha-
nistic view provides the conceptual foundation for interdisciplinary
work between the science of social machines and mechanism-based
approaches in the social sciences. Such work centers on the need
to discover and describe the mechanisms responsible for social
phenomena. At present many of these phenomena are associated
with systems that are situated in the ‘online’ (or virtual) world (e.g.,
Facebook). With the advent of CPSMs, however, we anticipate a
shift in the focus of explanatory efforts towards systems that are
more typically seen as being situated in the ‘offline’ (or real) world
(e.g., smart cities). In both cases, however, it seems likely that our
attempts to explain a rich array of social phenomena will need
to allow for the possibility that such phenomena are realized by
socio-technical mechanisms.

Explanatory concerns are, however, not the only basis for inter-
disciplinary collaboration. From the standpoint of the mechanistic
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view, the Web and Internet are not just factors that shape the human
social world, they are part of the physical machinery that makes
the human social world the thing it is—socio-technical mechanisms
are, if you like, the “nuts and bolts” of society [see 18], the material
building blocks of our social reality. This is important, for it depicts
the development of social machines as a form of social engineering—
one that focuses attention on the development of mechanisms that
realize social phenomena. This, we suggest, provides the basis for
a synthetically-oriented shift in analytical sociology: from an ana-
lytic effort directed at mechanism discovery towards a synthetic
effort directed at mechanism implementation. We thus envisage a
synthetic counterpart to analytical sociology—let us call it synthetic
sociology—that focuses on the way in which the development of
social machines is apt to change society. By itself, of course, this
proposal is not particularly novel, since no one is likely to dispute
the idea that the Web and Internet are capable of effecting shifts
in the social landscape. What is new about the present proposal is
the idea that social machines serve as the realization base for social
phenomena. By building social machines, we are not just enabling
new social processes to emerge, nor are we simply engaged in an
effort that allows certain forms of social change to occur. Instead the
effort to build social machines is one that provides an opportunity
to forge new kinds of social mechanisms. And by building such
mechanisms, we are creating the realization base for potentially new
kinds of social phenomena. In this sense, social machines are not
just an enabler for social processes, for in building a social machine
we are creating the physical substrate that makes certain kinds of
social phenomena materially possible. Similarly, the implementa-
tion of new social machines should not be seen solely as a means
of enabling social change, for in implementing social machines we
are (quite literally) reconstituting and thus reconstructing the social
world, i.e., creating the physical mechanisms that are the material
underpinnings of our social reality.

A commitment to synthetic sociology thus entails a subtle shift in
the ‘direction’ of analytical sociology. For the most part, analytical
sociology is concerned with the attempt to understand extant social
phenomena, and such understanding inheres in the identification
and description of mechanisms that are deemed to be responsible
for these phenomena. Synthetic sociology, by contrast, requires
a consideration of what kinds of social phenomena could exist
and what sort of mechanisms might be required to sustain them.
Building such mechanisms requires a concerted effort that spans
a multiplicity of disciplines. It also, perhaps, requires a careful
consideration of the political mechanisms that are responsible for
choosing the sorts of social phenomena we want to bring into
existence.

6 CONCLUSION

Social machines have been a prominent focus of research atten-
tion within the sciences of the Web and Internet. In this paper,
we outlined a theoretical account of social machines that draws
inspiration from recent work in so-called mechanical philosophy.
This account—the mechanistic view—is intended to progress our
conceptual understanding of what a social machine is. According
to the mechanistic view, a social machine is a system whose events,
states, and processes are realized by a socio-technical mechanism,

where a socio-technical mechanism is a mechanism that consists
of multiple human individuals and the technological resources of
the Web and Internet.

The main aim of the present paper was to explicate the nature
of the relationship between social machines and CPSs. To this end,
we outlined three ways of thinking about CPSs. These are what we
called the compositional view, the controller view, and the constitu-
tional view. Of these views, the constitutional view is most closely
aligned with the mechanistic view of social machines. Accordingly,
we suggested that a particular subset of CPSs (i.e., CPSSs) could,
under the right circumstances, qualify as bona fide members of the
class of social machines. Such social machines, we suggested, ought
to be regarded as cyber-physical variants of traditional social ma-
chines. We thus drew a distinction between what we called CPSMs
and traditional social machines. Some examples of CPSMs include
the likes of smart cities, smart transportation systems, and environ-
ment monitoring systems. These systems are related to traditional
social machines (e.g., those centered around the likes of Wikipedia
and Galaxy Zoo) in the sense that their functionality is realized
by socio-technical mechanisms. Nevertheless, we suggested that
CPSMs accentuate some of the concerns associated with traditional
social machines (e.g., issues of privacy, security, safety, and so on).
They also challenge traditional approaches to system development,
in the sense that they inherit many of the features (e.g., concur-
rency, real-time computation, and so on) that are associated with
the design, development, and evaluation of CPSs.

Web science has long been recognized as an interdisciplinary
endeavor. The mechanistic view does not (as far as we can tell)
radically alter the kinds of disciplines that are relevant to Web
science (although it does, of course, establish a particularly potent
form of interdisciplinary contact with the philosophy of science).
The main impact of the mechanistic view comes from the way it
helps to illuminate the nature of interdisciplinary connections. In
particular, the mechanistic view is nicely aligned with mechanism-
based approaches in the social sciences, especially those that seek to
understand social phenomena via an appeal to social mechanisms
[e.g., 52]. While such approaches are typically subsumed under
the general heading of analytical sociology [e.g., 24], it should be
clear that social machines are, more often than not, the product
of deliberate design efforts. This entails a synthetically-oriented
shift in our thinking about social phenomena. Inasmuch as social
machines form part of the material fabric of the social world, then
they are nicely poised to serve as the building blocks for new kinds
of social phenomena. In this sense, social machines are not just a
lens through which we view (and hopefully understand) the nature
of our social world; they are also, potentially at least, the means
by which we create new social phenomena and thereby shape the
structure of our social reality.
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