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Abstract. We argue that socio-technical systems can be understood as complex
adaptive systems, that is, systems containing component sub-systems interacting such
that they co-evolve This viewpoint may allow us to understand more clearly the factors
that underlie the complexities of socio-technical systems, and allows for a new approach
to systems design predicated on unpredictable adaptive processes. System designers,
we argue, need to seek to understand the underlying structures, drivers and nature of
change within the system and of the system as a whole This paper presents an outline
of the complexity mechanisms that operate within socio-technical systems, and illustrates
the concepts and system design implications by way of a case.

Introduction

The challenge of CSCW 15 the challenge of designing better socio-techmical
systems' systems that involve a mixture of humans and machines such that the
components cannot be separated, or are thought to be 1nappropriate to separate
(OUP, 1996). Such systems have proven to be enormously difficult to understand
and design (Grudin, 1988, 1994). There are many reasons for this Understanding
and designing for such systems 1s a wicked problem (Ruttel et al., 1973), and the
work and activities carned out 1n such a system are highly contingent and
emergent (Seely Brown'et al., 2000; Suchman, 1987). However, as Rodden and
Blair (1991) pointed out, computer-based systems require some regularities as the
basis from which computer systems can be built.

It’s therefore useful to look for alternate ways of understanding socio-technical
systems 1n the behef that this will lead to better perspectives from which to
provide computer-based support The particular perspective we adopt here 1s that
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socio-technical systems are part of the larger set of systems known as ‘complex
adaptive systems’ (Axelrod et al., 1999). This 1s an evolutionary perspective,
which argues that systems grow by processes of vanation, interaction and
selection. The problem 1s complicated by the fact that we are dealing invanably
with multiple, interacting systems. Therefore we also need to constder concepts
of co-evolution (several systems influencing each other’s evolutionary paths) and
self-orgamzation (how new systems grow out from old). It 1s also important to
take appropriate account of the role of time 1n evolution, as the rate of evolution 1s
different for (parts of) different systems, and this, too, can have a profound effect.

From this we distil a systems-oriented view of CSCW systems design. This
view extends our prior work ‘on' aspect-oriented approaches to systems
understanding and design (Fitzpatnick, 1998; Fitzpatnick et al., 1995; Fitzpatrick
et al., 1996; Kaplan et al, 1997), and provides a foundation for capturing and
reusing useful ‘design tricks’ (Dennett, 1995) based on the concept of pattern
languages (Alexander, 1979; Alexander et al., 1977).

We begin the paper with a case study, and then introduce the notion of
complex adaptive systems, ideas of co-evolution and self-organization in complex
systems, and discuss the role of tume in complex systems evolution. We argue for
our perspective on systems design, reflecting on the case study before concluding.

Case

To 1llustrate the points we will make below, we introduce here a case study: the
growth and evolution of the Unmiversity’s IT systems over more than 35 years
The case 1s based on the personal recollections of staff involved 1n the changes
described, documentation and the personal experience of the authors. One point to
note 1s that while many reports of field study in the CSCW field focus on small
details 1n work practice, systems thinking tends to focus more on big picture
1ssues, thereby complementing other forms of study

In the 1960s scattered groups of . researchers developed, or gained access to,
small computing systems for specific research or teaching activities. In the late
1960s the University assisted the engineering department to purchase a large
system, on which 1t was allowed to bill out excess capacity As this usage grew,
the computer group spun out into a separate Computing Centre. Discontent with
the service provided by the Centre — including their lack of understanding of other
work environments and needs, and subsequent non-responstveness — led to other
units within the university seeking their own technology solutions. Over the
subsequent two decades, no fewer than five formal independent IT organizations
and systems were established within the umiversity: the original Computing
Centre, the hbrary, student admimstration, finance; and human resources
Consequently, the university had five stand-alone corporate systems, each staffed
separately, using three different database technologies and two different operating
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systems. All these systems could not interoperate. There were also a myriad of
systems of varying size, capability and interoperability to be found in academic
departments and research programs, and a complex web of social and personal
interactions that supported the sharing of information, war stories and warnings
among the technical support staffs that grew up 1n each group

In the late 1990s resource constramts, the tmpossibihity of any further
evolution of the existing corporate systems due to technology constraints, and the
need to take account of the Internet, led orgamzational units to seek a massive
shift in information technologies. A 1998 report signalled the deliberate
centrahization of backbone and corporate support under a revamped Computing
Centre, renamed Computing Information Services (CIS), and a higher IT
management profile in the university, with key executives appointed responsible
for CIS and the Library. The looming Y2K problem was frequently employed as
a justification for rapid shifts in technology. Since 1998, corporate email, the
student administration system and shortly the human resource system will have
been completely rebuilt and migrated to centralized control under CIS.

The 1ndividual corporate systems have theirr own histories. The student
administration system is typical. The imtial student system was built in-house and
evolved over two decades. It was highly restrictive, running on a mainframe,
could support only a very limited number of concurrent users, and could not
interoperate with other systems. This encouraged the growth of separate faculty,
departmental and even course-based records to ensure redundancy and access for
non-central staff, 1n spite of the associated expense. (Exactly the same occurs for
finance records within-departments.) In the late 1990s, the student system was
given a facehft, with a simple web-based interface and shadow database to allow
limited access to information by students. All this software was wrtten and
maintained by a small technical support staff in the administrative services area.

After the 1998 report recommending centralization, the University decided to
move to a COTS-based student record system, called s2000, and hired the same
company that had successfully developed and installed this system 1n another
major Australian university. The s2000 system has forced profound changes to
the university’s business processes and systems. These have included subject and
degree restructuring, and significant procedural changes throughout the
University. While such change has been difficult, universal access to a single
source of student information 1s now possible, eliminating the need for much
duplication, and students can now access their records, and enrol online.
Managing the system 18 beyond the expertise available in the administrative
directorate. The adoption of s2000, then, generated greater impetus to the
centralization of services under CIS as well as changes to the University’s way of
doing business, the ramifications of which are not yet understood.

An unexpected side effect of this change has been a shift in the role of CIS.
From being the major provider of student computing 1t has shifted to back-office,
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server and infrastructure services, and controlling standards. Chent (student)
access has been devolved to departments (for course-specific needs) or the library
(for general web access, email chients, helpdesk, etc.). CIS’s remaining direct
contact with students 1s imited to provision of ISP services.

One area has remained largely untouched and unregulated through all these
changes teaching and learning. That’s surpnising, given that teaching and
learning 1s a core business of any umversity and that in 1995 and 2000 the
University engaged 1n sigmficant academic restructuring to foster change To
promote online delivery, the University adopted WebCT as a standard, but 1ssues
concerning technical and development support, rehability and security remain
fraught, so hmiting its implementation This 1n some ways parallels the late
1980s, where every group in the Umiversity built its own network and client/
server strategies. That infrastructure 1s now managed (or standardized) centrally,
but every group 1s developing 1ts own different way of using web-based services.

Complex Adaptive Systems |

The thesis of this paper is based on the insight that socio-technical systems are an
example of complex adaptive systems (hereafter, simply systems) (Axelrod et al ,
1999). Complex systems are difficult to understand, explain and predict because,
following Axelrod and Cohen, they ‘consist of parts which interact i ways that
heavily influence the probabilities of later events’ (p. 15). In other words,
complexity 15 a systems property simtlar to wickedness and 1s closely related to
the notion of emergence. ‘Complexity’ contrasts with ‘complicated’, which
means that although a system has many components, 1t is simply explained.

Complex adaptive systems comprise populations of entities Entities can be
agents that act (and interact) to achieve various goals through employment of
strategies of various kinds, and artefacts and tools that can be manipulated in
various ways as part of these strategies.

These systems are 1n a continual state of change through processes of
varwation, nteraction and selection (discussed below). Simply put, vanation 1s the
business of changing the population of agents, strategies or artefacts; interaction
1s to do with the ways that the various elements of a system interact with and
influence each other; and selection 1s to do with how and why some elements of a
system survive over time while others are allowed to die out.

Any entity can potentially participate in many systems, for example an agent
can be a staff member in an orgamzation, a member of professional societies, etc.
Information picked up 1n one systemican be used to foster vanation, change
selection strategies, passed on through interaction, and so forth, in another.
Indeed, 1t 1s these interactions across systems that seem to be a key trigger for
adaptation 1n socio-technical systems (Seely Brown et al., 2000)

[
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Variation

There are generally two ways to vary a population, exploitation and exploration.
In exploitation, the vanation among systems elements 1s kept as small as possible,
in order to leverage established advantages (for example, a particularly useful
tool, or a way of manipulating staff to accomplish a certain outcome, or hiring
new agents with particular traiming). In exploration, new elements are created 1n
order to experiment with alternatives (for example a new strategy, a different tool
or agent). Exploitation, then, takes advantages of previously discovered good
design tricks, while exploration opens the possibility of uncovering new design
tricks that turn out to be effective

Both these kinds of variations showed up 1n our case study. For example, at
the departmental level if one department successfully implemented a piece of
technology, such as a LAN, then another department might well build an almost-
identical LAN, thereby exploiting the first group’s success When the University
decided to build a new corporate student management system, 1t chose to bring 1n
entirely new COTS technology From the viewpoint of the technology base
previously at the University, this was quite radical exploration of a new
possibility. But the University hired a company that had done this before, to
assist implementation, so exploiting a previous success and mitigating 1ts risk

Obviously, creating new agents or strategies at random 1s unlikely to be a
successful strategy. One popular trick is recombination, where parts of existing,
entities are combined together (possibly with some ‘new’ aspects) to create an
entity that 1s likely to be viable yet allows exploration of something new.

The balance between exploration and exploitation in a system can have a
profound 1mpact on 1ts ability to survive Following exploitation-only variation
strategies can work in the short term 1f a system is well adapted to current
conditions, but can be disastrous if conditions change. On the other hand
exploration can be very expensive so there 1s a natural tendency to avoid 1t until it
1s forced in some way (in our case, by resource constraints, reaching the limits of
technology, and the spectre of the Y2K problem).

Interaction

[

Interactions are Iiterally the ways in which the entities in the system interact with
one another Through interaction activities, and thus eventually adaptation, occur
in the system. Examples are the ways 1 which interactions shape the behaviour of
the agents working in Underground Control Rooms (Heath et al., 1992), or among
groups of systems administrators (Fitzpatrick et al., 1996). Systems tend to have
distinctive interaction patterns that, while not random, also are not regular — they
are complex and continually changing

An interesting question for us 1s understanding how these patterns of
mteraction change over time Whereas ethnographic approaches tend to look to
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uncover the detail of interaction, we are looking here more at changes over ume —
the two approaches thus tend to complement one another.

Pressures for change can be external or internal External pressures modify the
system from the outside, such as forced changes to artefacts or policies governing
rules of behaviour. Internal changes can be driven by proximity — the ‘nearness’
of entiies to each other 1n some kind of physical, virtual or conceptual space For
example, co-located office workers develop similar cultures and worldviews, as
do workers who are distributed but have similar tasks (Seely Brown et al., 2000).
Entry to these spaces can be restricted or open, and where restricted the barriers
can be physical or virtual, and made semi-permeable by rules, conventions, etc.

Following often dnves change 1n interaction patterns. One important kind of
following 1s ‘agent following’, where one copies or follows another agent, such as
master-apprentice relationships, mentoring, and recommender systems. Another
1s ‘signal following’, where one follows a discernable signal, such as teenagers
copying what 1s ‘cool’ n a subculture, staff moving to companies with higher
rates of pay, students choosing a University based on perceptions of a ‘quality’
education. Both leverage pnor effort, especially where it is hard to make a
judgment or develop knowledge firsthand.

Temporal aspects of nteraction, including activation, sequencing, periodicity
and phasing, also are important. Interaction may be triggered externally. Budget
cycles, parllamentary sittings, and conferences deadlines may trigger and so to
some extent control the activities and interactions 1n a system. Interaction also
may be tniggered internally, by everything from receipt of a memo or email, to
meetings, conversations and serendipitous hallway interactions.

Barmers of various kinds — cultural, physical or virtual — can limit the flow of
information by interaction. In our case, as the Computing Centre focused inward,
so barriers at all levels began to grow up. Technical support staff moved into
offices protected by swipe cards, so0 physical access became intimidating and
difficult A culture of not responding to email or requests for help became
endemic (more because of pressure of work than deliberate decision). Interaction
between the Computing Centre staff and other staff became limited as a result.
Communities of IT support practice in departments evolved independently, with
only occastonal and minimal interaction with the Computing Centre staff Over
time lack of communication damaged the ability of the IT community to deliver
the best possible solutions, anticipate and avoid problems, or even agree on
common workstation specifications in order to get bulk discount pricing.

Like the entities 1n a system, interaction patterns need to be able to change if
the system 1s to remain viable and adapt to changing circumstances Too much
mternal nteraction within organizations or occupational and social groups can
lead to exclusive exploitation of known successful approaches, leading to rutted
processes and groupthink, with consequences for those groups’ ability to adapt.



365
Selection

Over time the interaction patterns and entities m a system will vary. If the
populations 1n a system are large enough, some entities or patterns will be
allowed to try to grow and flourish, while others will die or be suppressed. The
process of determiming what should be allowed to live or die 1s termed selection.

Selection 1s relative to success cniteria, which are usually performance
measures. For example we might measure efficiency for certain tasks, or the
return on certain kinds of investment, or the publication rate of a young academic.

Selection can operate at the agent or strategy level, or a combination. In order
to decide the appropnate level, 1t must be possible to attribute success to agents
and/or strategies. For example, 1f we decide that agents are crucial, then we are
likely to reward and/or reproduce the agents. If we decide strategies are
important we may decide to reproduce them Thus in one organization success
may be attributed to the individual managers of successful groups, while in
another the managers may be seen as mterchangéable and expendable, and the
‘company culture’ attributed with success.

Using our case as an example, once the University decided to purchase a
COTS student administration solution, there were three ways to proceed. They
could have chosen to purchase the system and get a team that had worked with 1t
before (this 1s an example of selecting both strategy and agents). They could have
chosen to purchase the system and implement 1t with an in-house team (this 1s an
example of selecting the strategy only). Or they could have chosen a team of
excellent IT personnel who had worked on a particular piece of relevant
technology before, and had them implement the system with different technology
(this 1s an example of selecting the agents). The University chose the first
approach, which 1s clearly low-risk, exploiting as it does both people and
technology that have proven to be successful in the past. But n other
ctrcumstances other mixtures of agents and strategy could be more approprate.
For example, our school at the University moved into a new building three years
ago and installed a very expensive ATM network. The network proved to be
difficult to manage and expand, as well as expensive to run and rather slow, so we
chose to replace it by a gigabit Ethernet. This decision was made largely because
a gigabit Ethernet had been recently installed 1n a large research centre with
which we have close links, and a junior system administrator had just been hired
from that centre. So we had a working technology solution to copy, and links to
the appropriate agents to help us out In this case we selected a strategy, not the
agents that had implemented 1t, and used signal following to make 1t work for us.

Co-Evolution and Systems Structure

Thus far we have introduced the notion of complex adaptive systems, and argued
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that they adapt by following evolutionary processes of varation, nteraction and
selection Clearly, complex adaptive systems do not live in a vacuum. Any such
system 1s likely to be recursively composed of sub-systems, each of which is
likely 1tself to be complex, and to be 1tself part of a larger network of systems.

Stuart Kauffman (1995) has b'eén studying the structure of such systems-of-
systems, with a view to understanding under what conditions adaptation 1s more
or less likely to occur To understand his argument, consider the situation of a
system that exists entirely 1n 1solation. A certain amount of varation through
exploitation and exploration will be possible, but because there are no external
factors impacting on the system, 1t 1s likely to tend to a ‘steady state’ in which
there will be no discernable benefit 1n further adaptation.

Of course, systems do'not exist in 1solation. Any adaptation 1n one system can
create the possibility of adaptation in another Thus vanation in one system will
tend to tngger variations in the systems with which 1t 1s mterdependent The
resulting continuous flow of adaptation called co-evolution, and 1s necessary for
the systems to remain fit relative to each other (Van Valen, 1973).

In socio-technical systems the interactions among agents that exist n many
systems simultaneously 1s often a key drniver for this. There are many examples of
such behaviour ready at hand. In our case study, the decision of the University to
centralize IT core services 1n the CIS group, coupled with general unhappiness at
the level of client service provided by that group, created the opportunity for the
hibrary to expand into clhient-side computing services, which in turn led to the
growth of a nch family of new online information resources. In many ways this is
also an example of signal following, as similar imtiatives had been successful
elsewhere The results have been adaptations 1n the hbrary’s budget, staffing and
collection profiles. Each of these 1s triggering adaptations in the various
subsystems making up the library For example, the library now has a large IT
group which continually seeks to'expand, usually through attempting to provide
new services, or take over those previously located elsewhere.

With co-evolution, each subsystem always will seek to achieve the best
possible local situation through adaptation, even if this 1s to the detriment of the
larger systems 1 which 1t 1s embedded. While this might seem harsh or
unrealistic, 1t appears to be borne out 1n practice. For example, we have come
across instances of this kind of co-evolution 1n.action, where different parts of an
organization locally optimise 1n ways that are detrimental to other parts.

Thus, 1n one (unpublished) real-world situation we have studied, the support
part of an organization used to hire jumor software developers to man the help
desk. The advantages of the practice to the system as a whole included a better
understanding of customer needs, both.internal and external, and so improved
product and system support. As these people became more experienced with the
systems, they mugrated to mamntenance and then development groups. This 1s a
fine example of interaction — signal and agent following — working within and
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across systems, and an example of a selection policy that benefited the company
as a whole. Recently, the helpdesk manager chose to stop hiring software
developers, because of problems with turnover and training, and instead promote
administrative daff to the helpdesk. His rationale was that these people had a
limited career path and thus were more likely to stay in place. This has had an
impact elsewhere in the company, reducing the quality of programming staff and
increasing training costs.

What is happening here is that each subsystem is locally optimising through
adaptation, causing the entire organizational system to co-evolve, even if that is
not to the overall benefit of the organization as awhole. In this particular case, we
see an example of poor selection strategies - the success criterion that the
helpdesk manager has chosen is lowest possible saff churn in his group, rather
than best intellectual standard over the company as a whole. Ironically, in this
case, lowering daff turnover enhanced the manager's performance bonus, an
example of poor selection strategies higher up in the organization

Kauffman further discovered that size (by some appropriate measure) is of
paramount importance in how well systems can adapt It turns out that if the
systems are too large, they tend to become locked in some form of stasis, while if
they are too small.the system-of-systems in which they are embedded tends to
chaos. Intuitively, this seems reasonable an organization that manages everything
centrally is usually inefficient and unwieldy; an organization that gives everyone
too much autonomy is chaotic, but with the right group size and
interdependences, decentralized organizations can operate reasonably well.

The question of what constitutes a good size (or even size measure) for a group
is not simple Kauffman's simple mathematical models don't map directly into
socio-technical systems, not least because organizational sub-units (people, users,
work-groups) are themselves inherently more complex (Morel et al., 1999) than
Kauffman's models. Still, for organizations there are good intuitive 'sizes' for
systems: group sizes within successful organizations are a good starting point.
The academic restructuring of the University, for example, turned a large number
of smal and fiercely independent departments into a smaller number of larger
schools. Time will tell whether the departments were too small before and thus
overly chaotic, or if the centralization will create a system in which schools are
too large for their own good and thus tend to stasis

What about technology? If we consider any fairly complex system the same
extremes seem to apply. Large-scale pieces of technology. (for example the
University's corporate information systems) are notoriously unable to adapt.
Many small pieces of technology that can change independently lead to chaos.
Between these extremes lie interesting systems sizes. o<

Thus a our University, initialy, the sole computer system was controlled by a
central group. This proved to be too clumsy and unresponsive, so departments
started to build their own computing systems for teaching and research, then their



