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University of York has caAs-related research under-
way both in its Department of Computer Science,
where Jim Austin leads a large group of neural net-
work researchers and Susan Stepney works on ar-
tificial life and evolutionary computation; and also
in its Department of Electronic Engineering where
Andy Tyrrell, Julian Miller, and others work on
biologically-inspired approaches to electronic hard-
ware design and implementation, drawing inspiration
from embryology and from evolution.

4.2 Industry: Global ICT Companies

Blue-chip 1CT companies are generally big and conse-
quently have diverse business interests, and the deploy-
ment of CAS techniques are not a dominant or central
theme for any of them. However, some do have CAs-
related products, and some ICT corporate research labs
conduct work in this area. The following sections de-
scribe the research and products of (in alphabetic order):
BT, HP, IBM, Intel, Microsoft, Mitsubishi, NEC, Oracle,
PARc, Sony, and Sun.

Of these, Microsoft and IBM have the most clear CAS
research agenda and have a number of CAs-related prod-
ucts; while BT, NEC, and PARC are more research-
focused; Oracle is more product-focused; and Intel and
Sun have relatively little investments in the area as far
as we can determine. Sony and HP sit in the middle of
this range, with some relevant research and some rele-
vant products.

4.2.1 British Telecom

BT Labs has a long history of working in cas-related
areas, primarily from a perspective of applications in
telecommunications, but also with significant involve-
ment in funding more blue-sky research in several UK
universities. British Telecom’s Labs currently operate
using the name BTExact [I-022]. Core CAS researchers
and team-leaders at BTExact include Mark Shackle-
ton, Fabrice Saffre, Paul Marrow, Sverrir Olaffson, and
Robert Ghanea-Hercock. A recent issue of the BT Tech-
nology Journal [I-023] provides an overview of work at
BT on cAS related areas. From the BTExact website,
it is apparent that this work is divided into a number of
areas:

Complexity research [I-024]. This group seeks to de-
velop new approaches to the analysis and the mod-
elling of large and complex network systems using
methods drawn from statistical mechanics, chaos the-
ory and non-linear dynamical systems. They study
the dynamic properties of various network systems
with particular focus on aspects of complexity as it
emerges in data networks, distributed filing systems
and access systems. Particular emphasis is on the
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modelling of rapid performance deterioration and its
predictability within probabilistic frameworks.

Emerging technologies [I-025]. This group is inter-
ested in ad-hoc working, parasitic networks, futures-
pace (flexible workplace environments) and smart in-
terfaces.

Evolutionary algorithms [[-026]. EoS is a software
platform developed by BT’s Future Technologies
Group that is similar to Swarm [I-027], an agent-
based modelling framework developed at the Santa
Fe Institute. EOS supports research and rapid im-
plementation of evolutionary algorithms, ecosystem
simulations and hybrid models. It also supports fast
prototyping of industrial applications that use these
technologies.

Future technologies [I-028]: The Future Technologies
group is interested in nature-inspired computing, new
approaches to computation, mobile software agents
(both malicious and benign) and information ecosys-
tems,

Intelligent agents [I-029]: BT’s Agent Research
group is concerned with the development and anal-
ysis of sophisticated artificial intelligence problem-
solving and control architectures for both single-
agent and multiple-agent systems.  Current re-
search themes include multi-agent coordination
and negotiation protocols, cooperative and non-
cooperative multi-agent systems, organisational self-
design, multi-agent adaptation of coordination
strategies, computational economics as well as multi-
agent building platform. This group has developed
the Zeus agent-building toolkit

Intelligent business systems [I-030]. This group has
done work on scheduling for repair personnel, ex-
ploiting information assets and competing in elec-
tronic markets. They have particular expertise in
agent based systems, agent platform development,
ontology management and self-organising adaptive
systems. Currently the repair personnel scheduling
system is the best example of BT leveraging this re-
search activity in their business.

4.2.2  Hewlett-Packard

HP Labs have headquarters in Palo Alto, California, and
a European base in Bristol, UK. The Bristol site is home
to HP’s Complex Adaptive Systems research group [I-
036], founded by Dave Cliff [I-037]. Clift’s work for HP
has included research on adaptive trader-agents and au-
tomated market-mechanism design [I-038], and although
the results of this research are primarily intended for
market-based control of complex 1CT systems, a num-
ber of major institutions in the global financial markets



have taken a keen interest in this strand of research.
Other work in the HP cAs group, by Matt Williamson
[I-039], has explored CAS approaches to computer secu-
rity [I-040; I-041] resulting in the development of “virus
throttling”, a method that limits the spread of “mal-
ware” (mobile malicious code such as computer viruses
and worms) [I-042]. Additional projects recently con-
ducted by the HP Labs cAs group include the develop-
ment of document-classification mechanisms inspired by
the human immune system, evolutionary optimisation of
print-layout problems, and automated design and opti-
misation of storage area networks (SANs) using methods
inspired by ant foraging and by Darwinian evolution.
Members of the HP CAS group work with a number
of external companies on research collaborations (cur-
rently focusing on partnerships developing applications
in financial markets and investment banking, and in the
energy industry). HP’s Palo Alto Labs are home to the
Information Dynamics Laboratory, led by Bernardo Hu-
berman, where a number of CAS-relevant projects are
also underway [I-043].

Other cAs-type research conducted at HP Labs in-
cludes work by Barry Shackelford on using evolved con-
figurations of field programmable gate arrays in order
to predict protein conformation; Ira Cohen’s work on
Bayesian Networks [I-044]; Evan Kirshenbaum’s work
on genetic programming [I-045]. As part of its Open-
View product line, HP has since 1999 been offering “self-
healing servers” [I-050], and more recently has been pro-
moting a suite of Adaptive Enterprise technologies; both
of which are broadly similar to IBM’s Autonomic Com-
puting initiative, discussed further below.

4.2.3 IBM

IBM is involved in a number of cAs-related research
activities: The Information Economies Group [I-009]
worked for several years on trading agents, exploring
techniques developed at IBM and also at HP Labs. Sev-
eral of IBM’s researchers involved in this project, Jim
Hanson, Raja Das and Jeff Kephart have all previously
worked at the Santa Fe Institute [I-010]. The work of the
anti-virus group [I-011] is also relevant, although that re-
search appears to have terminated some time ago. IBM
are also interested in novel ways of processing text and
information [I-012]: for example the Clever project [I-
013] explored collaborative filtering and hypertext clas-
sification for applications such as bookmark clustering.
Other research areas include using optimisation to solve
constraint based factory scheduling problems and the
Quest data-mining group [I-014].

IBM are now deploying CAS techniques in several prod-
ucts. Their premier database product DB2 now incorpo-
rates plug-ins that can perform image query-by-example
[I-015] and audio query-by-example [I-016]. They also
sell one of the premier data mining tools, Intelligent
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Miner [I-017] which can be applied to data or text [[-018]
for identifying and extracting business intelligence from
data assets. Lotus Discovery Server [I-019] is a web-
based knowledge management tool that provides text
sharing, searching, classification and expertise location.
Their eLiza self-healing servers [I-020] are also relevant.

In 2001, IBM announced their major Autonomic Com-
puting initiative that encompasses both research and
product development, and which[I-021] proposes to take
biological inspiration in order to provide server systems
that are self-organising, self-managing/self-regulating,
and self-healing. IBM’s stated reason for using the term
“autonomic” is because “[a computer system] must act
like our autonomic nervous systems. It must provide an
unprecedented level of self-regulation while hiding com-
plexity from the user. And it will be a radical shift in the
way we conceive and develop computing systems today.
This will call for more than retooling old systems — au-
tonomic computing calls for a whole new area of study.”
[I-046].

Since launching their autonomic computing initiative,
IBM have actively sought to foster global collaboration
and cooperation on relevant work in both the academic
and the industrial research communities. IBM have
staged a number of informal meetings to encourage such
interactions,® and IBM researchers have also led the or-
ganization of the first international conference on auto-
nomic computing (Icac-04) [I-047]. Some quarters of
the academic community have shown a resistance to de-
scribing their work as “autonomic computing”, in the
belief that it is somehow too closely associated with the
one big computer company; the phrase “self-star” com-
puting is commonly used as a vendor-neutral term when
organising conferences and workshops (e.g., [I-048].)

4.2.4  Intel

Intel, as far as we can see, has neither a large invest-
ment in CAS research and nor does it offer any cas-based
products. They have done some work on technologies
for text processing, information extraction, retrieval and
classification. They have aimed this work specifically at
the Pocket pC platform. An Evaluator Toolkit [I-054] is
available that uses a vector-classifier based on the vector
space model for performing categorisation tasks [I-045].

4.2.5 Microsoft

Microsoft Research has been investigating a variety of
CAS techniques. They have organised this work into
three areas:

The Adaptive Systems & Interaction (AsT) group [I-
001] is working on automated reasoning, adaptation and
human-computer interaction. ASI also does research on

9For example, IBM hosted a one-day meeting on Autonomics at
the IEE’s offices in London, in November 2003.



information retrieval and management, including work
in automated text classification and clustering.

The Data Management, Exploration and Mining
group [I-002] works on exploiting data mining tech-
niques, i.e., applying statistical and machine learning
techniques to detect patterns in databases.

The Machine Learning and Applied Statistics [I-003]
group is focused on learning from data and data min-
ing. By building software that automatically learns from
data, they enable applications that perform intelligent
tasks such as handwriting recognition and natural lan-
guage processing, and help human data analysts explore
and better understand their data more easily.

In addition Microsoft are also conducting research on
collaborative filtering [I-004], natural language process-
ing [I-005] and face detection and recognition [I-006].

The work on adaptive systems and interaction has led
to the Microsoft Agent toolkit [I-007]. Work from the
data management, exploration and mining work was re-
cently incorporated into Microsoft SQL. Microsoft uses
Bayesian networks (a machine learning technique) for
several applications including the printer trouble-shooter
in Windows, Office Assistant, and the Microsoft cus-
tomer support line. They are also investigating other
machine learning techniques such as Support Vector Ma-
chines [I-085] for use within their information manage-
ment tool Sharepoint [I-008].

4.2.6  Mitsubishi

Mitsubishi Electric Research Laboratories (MERL) [I-
059] are the North American arm of the central R&D or-
ganisation of the Mitsubishi Electric Company. MERL’s
artificial intelligence research has pursued very few
projects that can reasonably be described as having CAs
as a central theme. In collaboration with the Bran-
deis University DEMO Lab [I-060] one MERL researcher
worked on evolutionary optimisation of 3D machines and
mechanisms through simulation studies [I-061], but this
project concluded some years ago.

4.2.7 NEC

NEC Corp. [I-062] operates research laboratories in
Japan, UsA, Europe, and China, the best known of
which is their Us operation: NEC Labs America Inc.
which was created in November 2002 by the merger of
the Princeton (New Jersey) based NEC Research Insti-
tute and the Cupertino (California) based NEc Com-
puter and Communications Research Lab. Major areas
of research interest with relevance to CAS include: Ma-
chine Learning (specifically, advancing the state of the
art in support vector machines); Bioinformatics (exper-
imental and computational approaches to discover new
protein folds or to synthesise proteins with new folds);
Robust and Secure Computer Systems (discovering new
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‘cognitive’ learning techniques that are unsupervised,
distributed, deal with dynamic environments, and learn
on-line so that computer systems can adapt and evolve
to better levels of robustness or security through au-
tonomous learning and reasoning); and Broadband and
Mobile Networks (self-organising ad hoc communication
networks). NEC Labs’ website states that “The primary
focus is on technology research and early market vali-
dation in support of NEC’s core businesses.”, but little
information is available regarding what inventions from
NEcC Labs have fed into NEC’s products or businesses.
The NEC Labs website includes a web-page entitled “Li-
censable Technologies” which, at the time of writing
this document, contained the single sentence “Informa-
tion to come”. In academic ICT circles, probably the
most famous output from NEC Labs is CiteSeer, a set of
scientific-literature digital library tools that indexes re-
search articles on the web, and which most notably per-
forms autonomous citation indexing so that researchers
can track how many times a particular paper is cited,
and by whom it is cited [I-063].

4.2.8 Oracle

Oracle appears to be doing little in the way of CAS re-
lated research. However as it is the leading provider
of database software, and because data mining is very
strongly tied to databases, it is natural that they would
have some interest in this area. Therefore Oracle do sell
a number of products that use CAs-related techniques
for business intelligence [[-034] both for performing on-
line analytical processing, i.e., identifying credit card
fraud in real time or offline data mining [I-035]. Their
data-mining product, DARWIN, was originally created
by Thinking Machines, the company responsible for the
Connection Machine massively parallel computer that
was a brief commercial success in the late 1980’s.

4.2.9 PARC

PaRrc [I-031] (formerly Xerox PARC) is one of the most
famous computer science corporate research labs in the
world. A recent review [I-032] by Jacob Nielsen noted
that PARC is the only corporate research lab to feature
in the top three computer science research labs in each of
the past three decades. However despite being a noted
success from a research perspective, Xerox was not al-
ways successful in commercialising the research under-
taken at PARC, and PARC was recently spun-off as an
independent research facility. It is currently undertak-
ing projects in three areas: smart matter, which en-
compasses micro scale devices and integrated systems;
knowledge ecologies, which encompasses analysing docu-
ment content; and sensemaking and community networks
& documents, which encompasses image processing and
mobile or wireless computing. Previous CAS work at



PARc included seminal work on market based control [I-
033] undertaken by Bernado Huberman and Tad Hogg
who are both now research staff at HP Labs in Palo Alto.

4.2.10 Sony

Sony is primarily a manufacturer of consumer electron-
ics with a product range including pcCs, handheld com-
puters, and their hugely successful PlayStation series of
games consoles, yet they also have a well-publicised in-
terest in consumer robotics. Early CAS related research
at Sony was concentrated on A1BO [I-055], a robotic dog,
which was initially demonstrated as a prototype in 1995.
Recently Sony developed an impressive humanoid robot
prototype [I-056, I-057]. Equipped with video cameras
and seven microphones, it recognises faces and gestures,
and has a 60,000 word vocabulary. For many years Sony
has a operated a dedicated research facility in Japan but
more recently it also set up a European centre: Sony
Computer Science Lab Paris [I-058]. The Paris Lab is
investigating computational approaches to language and
evolutionary linguistics that has led to a research project
on robot language-formation called Talking Heads. The
other main area of study in the lab is music, specifically
the creation of adaptive listening environments. Luc
Steels, an academic with a long history of world-class
research in biologically-inspired robotics and artificial in-
telligence, is a prominent employee of CSL.

The AIBO dog robot has been made commercially
available. However the commercial versions are slightly
simpler than the research versions, and are compara-
tively expensive consumer electronics items.

4.2.11  Sun Microsystems

Sun, despite their well-publicised interest in technical
and grid computing, have not been involved in CAS re-
lated research as far as we can determine.

4.3 Industry: Large non-ICT Companies
4.3.1 BAFE Systems

BAE Systems [I-086] is a major European defence con-
tractor, based in the UK. BAE Systems has its primary
roots in the old British Aerospace company, but it now
owns companies such as Vickers (submarines) and Royal
Ordnance (tanks/artillery). They have a considerable
history of research involvement in biologically-inspired
CAS approaches to a variety of problems, from evolution-
ary design of components, through automated assembly
in manufacturing via autonomous robots, to distributed
and decentralised systems for minefield clearance and for
battlefield asset management.

One notable non-1ICT example of biological inspira-
tion in BAE research is their exploration of microvor-
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tex aerodynamic permeable skins for variable-dynamics
fixed-geometry airfoils. This work is inspired by the
skin of sharks, which can alter its local hydrodynamic
smoothness/roughness via muscular control of small
scaly patches on the skin. BAE is experimenting with
aerodynamic surfaces (aircraft wings) that incorporate
a high-density mesh of very small vents that each exit
on the outer surface of the wing. Compressed air can be
pumped through the vents, creating small vortices that
disrupt laminar airflow over the outer surface. Varying
the distribution and magnitude of the compressed air
flows to the vents alters the aerodynamics of the wing in
desirable ways, without the need for any moving metal
surfaces.

BAE also have an interest in CAS approaches to bat-
tlefield asset management. This is a response to a per-
ceived desire in BAE System’s customers for alterna-
tives to AWACs-style!® centralised command-and-control
systems. The desire is for alternatives that are dis-
tributed/decentralised, and potentially that also have
a higher degree of autonomy, requiring less second-by-
second control from human operatives. One exemplar
application in particular that has received significant
research attention (in academic labs, at least) is auto-
mated/autonomous clearance of landmines by swarms
of cheap disposable (i.e., sacrificial) robots, where there
is a danger that humans may be injured or killed.

Like HP, BT, and IBM, BAE Systems has an interest
in self-healing, self-regulated distributed dynamic con-
trol; they are a partner in the recently-announced major
Epsrc-funded project mentioned previously in this re-
port (see Footnote 2). BAE Systems have also explored
the use of teams of autonomous robots for assembly and
repair of complex products (e.g. combat aircraft). This
is necessary because computer aided engineering tech-
niques can design very efficient airplanes but such de-
signs often have the problem that the airplanes are very
hard to assemble and/or to repair. One way to avoid
this problem is to use autonomous robots in place of
tool-wielding humans to perform the assembly and re-
pair tasks. BAE Systems have also funded more abstract
theoretical studies in areas such as ecology and game the-
ory. Researchers at BAE Systems Advanced Technology
Center with active interest in CAS approaches include
Hector Figueiredo and Andy Wright.

4.3.2 NCR

The National Cash Register [[-087] company’s primary
business is supporting other companies when they in-
teract with customers across the counter, by telephone,
at a kiosk, at an ATM machine or over the Internet. As
they have a clear business interest in consumer behaviour
they are interested in areas such as data warehousing and

10 Awacs: Airborne Warning and Control System.



data mining [I-088]. They have also done some work on
agent based modelling of retail environments. In the mid
1990s, NCR set up a specialist research lab in London
called KnowledgeLab [I-089]. KnowledgeLab carried out
research on intelligent appliances such as bank-access via
games consoles, and also (somewhat bizarrely) internet-
enabled microwave ovens [I-090]. NCR also has a ma-
chine learning research group that has strong links with
researchers from the Neural Computing research group
at Aston University, UK.

4.3.8  Unilever

Unilever is a large multinational company that sells
food, home-care and personal-care products with ap-
proximately 270,000 employees worldwide. They have
several research facilities but the Adaptive Computation
Group at Unilever Research Port Sunlight (UK) in partic-
ular has a history both in artificial intelligence research
and in CAs-related research. This group has applied CAS
techniques to several different areas including:

Product Design: There was a three year project at
Unilever to develop software based on Bayesian Neu-
ral Networks and Genetic Algorithms to evolve prod-
uct formulations for domains such as washing pow-
der. These techniques were also used in the formula-
tion of margarine, because the cost of its ingredients
can vary drastically on a monthly basis requiring con-
stant product reformulation in order to achieve cost
efficiency.

Consumer Understanding: Unilever has a consid-
erable investment in “Consumer Science” (studies
of human-computer interaction and cognitive er-
gonomics). Unilever’s Adaptive Computation group
has applied a number of CAs-related techniques
to mining data obtained from consumers including
graphical models and neurofuzzy modelling.

Natural Language Understanding: As Unilever is a
multi-national company comprising of many localised
operating units, there is considerable interest in au-
tomatic machine translation. There is also interest
in using classification and searching techniques such
as Latent Semantic Analysis in order to analyse tex-
tual information obtained from consumers discussing
products.

Supply Chain Optimisation: Unilever has complex,
highly diversified multi-national supply chains. This
diversity can be advantageous, but increasingly ma-
jor customers such as WalMart want very fast re-
sponse to product stocking requests. This requires
a high level of supply chain optimisation so Unilever
has been investigating using agent based modelling
in order to optimise supply chains.
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Unfortunately there is little published material about
this work outside Unilever, but one interesting paper
discusses how evolutionary algorithms can be used to
generate patents for bactericidal peptides (Patel, Scott,
Bhakoo, & Elliott, 1998).

4.4 Industry: SMFEs

There are a host of smaller companies with CAS-style
product or service offerings. For the purposes of this
report, the companies can be collected into five rough
groupings by topic area. These are Hardware, for com-
panies with an emphasis on physical (electronic and elec-
tromechanical) products; Business Simulation, where the
focus is simulating the ramifications of strategic or tac-
tical decisions in order to aid planning; Business Opera-
tions, which include companies offering on-line data pro-
cessing systems for businesses; Entertainment, which is
primarily animation and computer games; and Consult-
ing/Software services. One again, the intention here is
not to produce an exhaustive directory of relevant SMEs,
but rather to list the activity of some notable exemplar
companies.

4.4.1 Agorics

Company Type: Consulting and software development.
Location: Los Altos, California. Formation: Founded in
1994 by Ann C. Hardy and Mark S. Miller, et al. Tar-
get Industries: Secure e-Business Solutions. Customers:
Sun Microsystems. Technologies: Market-based resource
allocation; secure e-mail systems.

At the time of their founding, Agorics [I-104] were
centred on developing Market-Based Control (MBC) sys-
tems, working on a major project for MBC of network
quality-of-service with Sun Microsystems. One high-
profile Agorics co-founder was Mark Miller, who co-
authored (with K. Eric Drexler) three papers on MBC
(which Miller and Drexler referred to as Agoric Compu-
tation) in Bernardo Huberman’s influential 1988 edited
collection The Ecology of Computation. On the current
Agorics website, these three papers (and others on auc-
tions and markets) are listed in their “Tech Library”,
but the only current product offered is a secure corpo-
rate email management system. Thus it would appear
that Agorics have either not been able to turn their MBC
expertise into profitable products, or that they are un-
able to publicise any such success.

4.4.2  Apama

Company Type: Software development and consultancy
company. Location: Cambridge, UK. Formation: Spin-
off from research at Cambridge University. Target In-
dustries: Financial, Telecoms, Mobile location based
services, Customer Relationship Management, Supply



Chain Management. Customers: several investment
banks, plus alliances with Oracle and Sun. Technolo-
gies: Distributed computing.

Apama [I-101], like Searchspace, provide on-line pro-
cessing solutions that continually monitor streams of
data for complex patterns of events, and provide real-
time alerts when a match is found. Their software plat-
form, the Apama Engine, indexes ‘monitors’ used to
specify patterns of events to be watched for, and checks
them against incoming data streams. The Apama En-
gine is a general-purpose technology; it can be applied to
a range of applications. It is particularly well suited for
applications in which data is constantly changing, where
there is significant value in being able to react quickly
to those changes, and where systems must operate on a
large scale.

4.4.8 Autonomy

Company Type: Software development company. Loca-
tion: Cambridge UK. Formation: Set up by Mike Lynch
from Cambridge University. Target Industries: Tele-
coms, Energy, Public Sector, Technology, Life Sciences,
New Media, Professional Services. Customers: Ericsson,
Astra Zeneca, Unilever, ZkB, Pfizer, Novartis, Sonera,
BAE, McGraw Hill. Technologies: Bayesian probability
and Shannon’s information theory.

Autonomy [I-103] is a software development company
that sells various products that perform text classifica-
tion and search. Autonomy products can perform au-
tomatic categorisation, hyper-linking, retrieval and pro-
filing of unstructured information, thereby enabling the
automatic delivery of large volumes of personalised in-
formation. This can be used for enterprise portals,
e-commerce, business intelligence, consumers accessing
mobile or digital TV portals, knowledge management or
customer and relationship management.

4.4.4  BiosGroup

Company Type: Consulting and software development,
company. Location: Sante Fe, New Mexico, Us. Euro-
pean subsidiary, EuroBios, based in London and Paris.
Formation: Joint venture between the Centre for Busi-
ness Innovation of Ernst & Young (now Cap Gemini
Ernst & Young) and Stuart Kauffman [I-105]. Target
Industries: Food industry, airlines, automotive industry,
energy, entertainment, financial services, army, manu-
facturing industry, telecoms. Customers: BT, Unilever,
Procter and Gamble, Air Liquide, Cap Gemini, Ford Mo-
tor Company, Honda, Ivensys, SAP, Southwest Airlines,
NAsDAQ Stock Market. Technologies: Agent based mod-
elling and multi-objective optimisation.

BiosGroup [I-106] claim to have pioneered the use of
complexity science to solve complex business problems
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and to now be the world leader in applying the tech-
niques of this emerging science to large commercial ap-
plications. The Company’s European subsidiary, Euro-
Bios [I-107] has locations in Paris and London, and was
originally founded by Eric Bonabeau, who had previ-
ously published research on new optimisation techniques
inspired by collective behaviour in ants. BiosGroup spe-
cialise in the techniques of agent-based modelling and
multi-objective optimisation. They apply these tech-
niques to supply networks and e-procurement, market
analysis and planning, adaptive scheduling and routing,
decision support, risk analysis and strategic and tactical
simulation. In the past year, the Us-based BiosGroup
was acquired by NuTech Solutions Inc. [I-064], leaving
EuroBios as an independent entity. Bonabeau remains
as EuroBios’s Principal Scientific Advisor, but is now
also Chairman and Chief Scientific Officer of a US com-
pany called Icosystem [I-065] which offers broadly similar
solutions and services as EuroBios. Currently the Presi-
dent and CEO of EuroBios UK is Vince Darley, while the
President and CEO of EuroBios Paris is Hervé Zwim.

4.4.5 Cambridge Neurodynamics

Company Type: Software development and consultancy
company. Location: Cambridge, UK. Formation: Set up
by Mike Lynch from Cambridge University. Target In-
dustries: Security, Surveillance, Biometrics, Intelligence
Gathering. Customers: Yorkshire Police Force. Tech-
nologies: Bayesian probability, neural networks, Shan-
non’s information theory and wavelet coding.

Cambridge Neurodynamics [I-093] is software develop-
ment and consulting company founded by Mike Lynch
(who also founded Autonomy) that specialises in the de-
velopment of recognition systems. The company is or-
ganised into three groups: advanced systems, biometrics
and witness. The Advanced Systems Group investigates
the application of technologies such as Bayesian prob-
ability, neural networks, Shannon’s information theory
and wavelet coding. They also work on problems involv-
ing pattern recognition, image and audio processing, tex-
ture analysis and synthesis and three dimensional pro-
cessing and imaging. The Biometrics Group works on
applying the techniques developed by the ASG to prob-
lems such as fingerprint recognition or face recognition
for security systems. The Witness Group is concerned
with security and surveillance. It produces solutions for
car number plate recognition or very large scale (250+
cameras) surveillance systems.

4.4.6 Forio

Company Type: Software consultancy. Location: San
Francisco, UsA. Formation: Set up by two MIT gradu-
ates. Technologies: Business Flight Simulators.



Forio [I-095] is a company based in San Francisco that
produces business simulations that allow managers to
“learn through experience without the cost of experi-
ence”. Firstly they have created a simulation that inves-
tigates the competition in pricing between HP /Compaq
and Dell [I-096]. They have also created a simulation
called PDASim [I-097] that allows managers to manage
a portfolio of PDA products across multiple product life-
cycles. This simulation allows managers to learn how
to use financial data to make pricing and product line
decisions and experience how decisions can have conse-
quences many years into the future. Forio maintain an
interesting set of resources on simulation [I-098]. Their
main business is writing simulations but they also host
simulations, offer training via simulations, and partner
with training or consulting organisations to deliver ser-
vices to clients.

4.4.7  Gameware Development

Company Type: Entertainment software. Location:
Cambridge, UK. Technologies: Game software archi-
tecture using neural networks, genetic algorithms and
biochemical control.

Gameware Development is the company formed after
a previous incarnation, CreatureLabs [[-114], went into
liquidation. Gameware create games using a develop-
ment environment conceived by Steve Grand (who now
operates as a sole-trader inventor, under the name Cy-
berlife Research) that is a bottom-up, agent-oriented,
software architecture incorporating powerful biochemi-
cal, neural network and genetics modelling systems, ca-
pable of creating artificial intelligent systems and be-
lievable life-forms. Creature Labs can produce life-like
virtual organisms in a wide range of simulated environ-
ments, producing persistent environments that can be
indefinitely upgraded and expanded by exchanging, cre-
ating and deleting the agents that make up the simu-
lation. Gameware’s highest-profile project to date was
providing the artificial life and 3D creature-modelling for
a groundbreaking children’s TV format called Bamzooki,
first broadcast by the BBC in early 2004 (with a new
series currently in production).

4.4.8 GMAP

Company Type: Software development and consultancy.
Location: Leeds, UK. Formation: Spin-off from Univer-
sity of Leeds. Target Industries: Retailing, Forecourt,
Financial and Automotive. Customers: Ikea, Dixons,
Asda-WalMart, Exon-Mobile, BP, Abbey National, Al-
liance and Leicester, Ford, Jaguar and Mazda. Technolo-
gies: Geo-mathematical and statistical models to rep-
resent given markets using geodemographics, consumer
demand, travel patterns and competition data obtained
from real-life sources.
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GMAP [I-094] build simulators that help companies
answer questions such as where to build their next su-
perstore. They specialise in providing market intelli-
gence and decision support solutions to global retail or-
ganisations that are looking to improve the efficiency
of their network, their sales territories and their chan-
nels to market. These programs use geo-mathematical
and statistical models in order to represent given mar-
kets using geodemographics, consumer demand, travel
patterns and competition data obtained from real-life
sources. This allows companies to determine “what is ac-
tually happening” within the market, “what might hap-
pen” given certain scenarios and “what should happen”
within an optimal situation, enabling organisations to
develop highly efficient networks and channels to mar-
ket for each of their products.

4.4.9 Icosystem

Company Type: Software development and consul-
tancy. Location: Boston, Massachusetts; Paris. Forma-
tion: founded in 2000 by Eric Bonabeau, noted swarm-
intelligence and complex adaptive systems researcher.
Target Industries: pharmaceuticals, energy, consumer
packaged goods and software. Technologies: Agent-
based business modelling for strategic scenario evalua-
tion and optimisation.

TIcosystem’s [I-099] business model is to act as a novel
source of strategic analysis, exploration, evaluation, and
exploitation for client companies that are typically mar-
ket or sector leaders, and fairly large (i.e. Fortune 500 or
similar). The Icosystem website stresses that Icosystem
is not a consultancy company in the traditional sense,
and that they “...avoid the temptation of trying to repli-
cate anything that works with any and all companies in
a sector. On the contrary, Icosystem does not normally
work on similar projects for competing organizations”.
Icosystem’s main mode of operation is to create a be-
spoke agent-based software simulation model of the rel-
evant aspects of a client’s business, which replicates the
behaviours of the key business participants and captures
the interactions between them; then to use that simu-
lation model for exploring “what if” questions concern-
ing possible alternative strategies; followed by evaluation
and exploitation of the most promising strategic alterna-
tives that were identified in the exploration phase.

4.4.10 iRobot
Company Type: Robot development company. Lo-
cation: Somerville, Massachusetts. Formation: Co-

founded by Prof. Rodney Brooks, Director of the MIT
Artificial Intelligence Lab. Target Industries: De-
fence, civilian disaster search/recovery, space explo-
ration, industrial maintenance, domestic assistance, and



entertainment. Customers: DARPA, Hasbro, Univer-
sities. Technologies: Biologically-inspired autonomous
robotics.

iRobot was co-founded by Rodney Brooks, Direc-
tor of the MIT Computer Science and Artificial Intel-
ligence Laboratory. From the mid 1980’s to the mid
1990’s, Brooks provoked a radical re-appraisal of es-
tablished artificial intelligence (AI) practices in the de-
sign of control systems for autonomous mobile robots.
In a series of papers (often describing working proto-
type robots) he argued, by reference to the evolved “de-
signs” of the “controllers” (i.e., nervous systems) of sim-
ple creatures such as insects, that it should be possible
to avoid the then-traditional complex centralised and
hierarchical Al robot-controller architectures; replacing
them with simple decentralised and heterarchical lay-
ered control architectures instead. In doing so, Brooks
and his students made major contributions toward estab-
lishing the approach now known as biologically-inspired
or behaviour-based AI, which today is widely (if still
somewhat begrudgingly, in certain quarters) accepted as
a viable alternative to the longer-established traditional
approaches, and indeed is frequently seen as providing
tools and techniques that are significantly better than
those provided by the traditional methods.

The iRobot [I-092] company was set up by Brooks in
order to commercially exploit his research on biologically
inspired robotics. Their robots are designed for a variety
of applications such as defence, civilian disaster, space
exploration, industrial maintenance, entertainment, and
domestic assistance. iRobot produce a standard plat-
form for developers to create value-added robotic appli-
cations. They produce products such as Coworker, a
wireless, mobile, remote telepresence platform that pro-
vides control of video, audio and movement through any
internet browser without additional hardware or soft-
ware, Microrig, a conveyance device for carrying sensor
payloads and tools down into oil-well bores and My Real
Baby, a toy aimed at young girls. Two of their more
successful products are Packbot and Roomba. Packbot is
a portable semi-autonomous tracked ground-vehicle for
surveillance and access to hostile environments, used by
recovery teams at the site of the two collapsed New York
World Trade Center towers, and by US armed forces in
the subsequent military action in Afghanistan. Roomba
is a small autonomous vacuum-cleaner robot suitable for
domestic homes, which sold in huge numbers in the run-
up to Christmas 2003, no doubt aided by its receipt of a
“seal of approval” from Good Housekeeping magazine.

As well as producing standard robots, iRobot is also
engaged in a number of research projects such as Damp,
Distributed acoustic mobile positioning; Swarm, dis-
tributed programming of robots; Gecko, a wall climb-
ing robot; and MuMS, the micro unattended mobility
system. More details of these and other projects are
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available on the iRobot website [I-092].

4.4.11 Lostwax

Company Type: Software development and consulting.
Location: Surrey. Formation: Co-founded by Nick Jen-
nings, a leading researcher in field of agent technology.
Target Industries: E-Commerce. Customers: General
Motors, British Airways, Egg Financial Services, City
Index, MoneyeXtra, Sony, Psion, Orange, Prudential.
Technologies: Software agents.

Lostwax [I-111] is a software development and con-
sulting company. Agent Technology is the latest ap-
proach to analysing, designing and building software.
Agents create smart adaptable solutions that are partic-
ularly suited to complex; changing environments. Lost-
wax build e-commerce and portal systems on J2EE and
.NET frameworks using agent architectures. They are
members of two associations for agent technology: Fipa
and AgentLink.

4.4.12  Natural Selection

Company Type: Software development and consultancy.
Location: La Jolla, CA. Formation: L.J. Fogel, founder,
invented Evolutionary Programming. Target Industries:
Defense, Medical (diagnostic, and drug design), Finance.
Customers: None named. Technologies: Evolutionary
Algorithms, Neural Networks, Fuzzy Systems.

NSI [I-113] concentrates on the use of biologically-
inspired algorithms for optimisation, signal processing,
and control applications industry, medicine, and De-
fense. Their website is non-specific about client com-
panies, stating that “Natural Selection, Inc. assists cor-
porations and government entities in the areas of produc-
tion and transportation scheduling, signal detection and
pattern recognition, financial forecasting, mission and
path planning, inventory control, bioinformatics, and
computational drug design, as well as other applications
that demand the rapid solution of difficult combinato-
rial and temporal optimisation problems” but without
naming names. They were founded in 1993.

4.4.13  Mazxis

Company Type: Entertainment software. Technologies:
Business Simulators.

Electronic Arts [I-115] produce entertainment soft-
ware, specifically the “Sim” family of simulations: The
Sims, Sim City, Sim Coaster and Sim Golf. Al-
though they no longer work on business simulations,
they launched a spin-off enterprise called Thinking Tools
Incorporated [I-116] that produced a simulator called
Telesim [I-117] in 1994 that generated a lot of industry
interest. Although TTI no longer exist, companies such



as BiosGroup, Forio, or IcoSystem are currently active
and offering similar services.

4.4.14 Norkom

Company Type: Software development and consultancy
company. Location: Dublin, Ireland. Target Industries:
Telecoms, Financial Services and Insurance. Customers:
ING Direct, HsBCc Bank, Vhi Healthcare, British Air-
ways, Esat Digifone, Actel Direct. Technologies: Pre-
dictive modelling.

Norkom [I-102], like Searchspace and Apama, provides
software and services for on-line processing. However
their software has a much stronger bias towards pattern
recognition via predictive modelling, unlike Apama and
Searchspace where the focus is very fast online process-
ing. Norkom targets problems such as customer relation-
ship management by creating predictive models that can
be used to help client retention, cross-sell, up-sell, acqui-
sition, churn and channel migration. They sell a software
platform called Norkom Alchemist that allows integra-
tion with third party tools and models (e.g., data min-
ing tools) as well as independent data (e.g., demographic
data and other internal information systems etc).

4.4.15 Sana Security

Company Type: Software development and consultancy.
Location: San Mateo, California. Formation: Start-
up from research at University of New Mexico. Tar-
get Industry: computer security. Customers: IT service
providers, global investment firms, nationwide multi-
channel retailers, major government agencies. Technolo-
gies: Biologically-inspired computer security systems.

Sana Security [I-066] develops and markets “host-
based intrusion prevention software” (HIPS) that protects
computer systems from known and unknown attacks,
with low and predictable operating costs. Sana was es-
tablished to commercialize “Adaptive Profiling Technol-
ogy”, developed by Sana’s founder Steven Hofmeyr who
was a PhD student of Stephanie Forrest at the University
of New Mexico, and Forrest is a member of Sana’s Ad-
visory Board. Sana have also recently recruited Matt
Willamson, the inventor of virus throttling, from HP
Labs.

Sana claim that their first product, Primary Response,
protects the broadest range of platforms and applica-
tions, and requires fewer resources to manage, deploy
and scale. It does this by eliminating the need for con-
stant updating and management by security experts.
Sana state that Primary Response is the world’s only
security software approach based upon the principles of
the human immune system, and that the solution pro-
vides customers with out-of-the-box code-injection sup-
pression, proactive vulnerability exploitation detection,
and real-time prevention from attacks by worms and
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hackers. Code injections are the largest class of vulner-
ability attacks on computer systems and applications.
Deployments of Primary Response in organizations re-
duce or eliminate the need for frequent “patching” of
fixes to flaws in security systems.

4.4.16  Searchspace

Company Type: Software development and consultancy.
Location: London, UK. Formation: Spin-off from
University College London Intelligent Systems Group.
Target Industries: Banking, Security Broking, Tele-
coms, Securities Exchanges. Customers: Bank of New
York, London Stock Exchange, Royal Bank of Scotland,
Archipelago. Technologies: Machine Learning.

Searchspace [I-100] produce online processing Al-
enabled infrastructure that already handles over $400
trillion worth of business by automating fraud control,
compliance reporting, risk management and customer
service. They use a collection of “agents” known as sen-
tinels that are capable of automating key business tasks
— ranging from anti-money laundering detection, cheque
fraud detection, real-time audit, debit card fraud, opera-
tional risk, individual customer profitability, price man-
agement through to contact management. Searchspace
apply this technology within banking, security broking,
telecommunications and exchanges.

For example within banking they currently have sen-
tinels aimed at detection of: money laundering, cheque
fraud, debit card fraud, credit card fraud, and payment
fraud; and calculating operational risk and customer
profitability. Searchspace argue that their sentinel ap-
proach delivers the best performance of any product on
the market — and that this translates into bigger savings
for fraud detection and comprehensive risk management
for compliance. Searchspace sponsor research at Uni-
versity College London, Sussex University and the New
Jersey Institute of Technology.

4.4.17 Xilinz

Company Type: Semiconductor company. Location:
San Jose. Formation: Xilinx invented the world’s first
field programmable gate array (FPGA) in 1984, one of
the fastest growing segments of the semiconductor indus-
try. Target Industries: Computer and electronic hard-
ware. Technologies: Applying evolutionary algorithms
to adaptable FPGA hardware.

Fraas are adaptable integrated circuits, and are often
used as basis of evolvable hardware experiments, where
evolutionary computation techniques are used to design
electronic circuits (Thompson, 1998). Xilinx have done
some CAs-related work on using evolutionary computa-
tion techniques for fault tolerance and also for built-in
self-test, a process that can be very difficult on complex
chips.



5. Open Research Questions

For a field as diverse and dispersed as complexity re-
search, there are too many live avenues of enquiry to
explore them all in detail in this document. Rather than
attempt to cover a representative sample, we identify
some important themes and detail a small number of spe-
cific but idiosyncratic examples of upcoming complexity
research relevant to ICT.

As outlined in the “Conceptual Landscape” section,
one fundamental challenge confronting the complex
systems community is the generation of consensually
agreed-upon unifying theories of complexity and emer-
gence, i.e., genuine “Newtonian” activity. As yet it is
unclear what shape such theories will take, or how close
to formulating them we may be. However, we can stip-
ulate what a successful theory would achieve.

First, it would account for (rather than merely de-
scribe) what is common to complex systems across many
domains, and as a result provide criteria for formally
characterising (rather than merely identifying) complex-
ity and emergence. Perhaps more importantly such
a theory could underwrite a fundamentally stronger
grasp of wider related processes such as adaptation,
self-organisation, etc., thereby locating or reconciling
complex systems with respect to simple linear systems,
bringing their study within the remit of Khun’s “normal
science” (Kuhn, 1962). It is perhaps only a minor ex-
aggeration to compare the impact that such an account
would have with that achieved by Darwin’s theory of evo-
lution by natural selection, which similarly managed to
organise a previously mysterious and a-scientific natural
world under a single scientific account.

A more practical and perhaps more readily achiev-
able goal centres on the formulation of a widely-adopted,
robust, effective and legitimate simulation modelling
methodology. Currently, simulation approaches often
appear to be the only practicable option open to re-
searchers exploring many kinds of complex system.
While our ability to construct tractable mathematical
models through simplifying assumptions is improving,
simulation will remain an important tool for the fore-
seeable future. Unfortunately, as yet, despite the preva-
lence of simulation modelling across many branches of
science and engineering, its role is remarkably poorly
understood.

For some complex systems researchers, simulations are
a valuable source of additional empirical data on systems
that are difficult or impossible to experiment on (e.g.,
Ray, 1994). While one cannot literally re-wind and re-
run the earth’s evolutionary history, or re-wire the neu-
ral systems of free-living mammals, or manipulate real
large-scale social organisations such as stock exchanges,
the internet, languages, religions, etc., one can perhaps
simulate these scenarios (Bedau, 1998). However, while
these simulations are eminently manipulable, that they
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can act as sources of empirical data is extremely debat-
able.

How could one settle an empirical question by appeal
to a simulation model of a system that we currently do
not understand? Consider the question “Is there life
on Mars?”. A simulation of Martian evolution would
surely not convince one way or the other. We have in-
sufficient data to adequately constrain any such simu-
lation, and no established grounds upon which to base
such a simulation. Less fancifully, consider What im-
pact would introducing traffic congestion charges to Leeds
have? Could we rely on a detailed simulation of Leeds
in order to answer this question? To what extent would
we have to accurately capture the decision-making pro-
cesses of individual drivers? How could we be sure that
our model accurately captured the way in which any
initial impact of congestion charges on traffic behaviour
would go on to influence the subsequent decision making
of drivers, or retailers, or employers? More mundanely,
what if TCP/IP were altered to cope differently with lost
packets, what impact would there be on internet conges-
tion? Have we the wherewithal to adequately simulate
even this relatively limited scenario? Surely the same
issues that complicated the automotive traffic model are
equally relevant here?

By contrast, if I want to know whether my new desk
can be manoeuvred up the staircase leading to my office,
a simulation of the situation would seem to be a good
way of settling the matter before purchasing the furni-
ture. The difference between this example and those
in the previous paragraph is that we have extremely
high confidence in our ability to model the behaviour
of medium-scale solid objects as they are rotated and
translated in 3d space, but much less confidence in our
ability to model veridically and in detail the complex sys-
tems mentioned above. Until we are able to increase this
confidence, it is unclear to what extent simulation mod-
els can be relied upon to produce detailed predictions
of real-world complex system behaviour (Silverman and
Bullock, in press).

Less controversially, simulations are good sources of
insights into our ¢deas about complex systems. Even a
simulation of Martian ecology and evolution might be
a useful way to shed light on our current assumptions
concerning biological adaptation. Such simulations can
serve as intuition pumps, proofs of concept, hypothe-
sis generators, or “computational thought experiments”
(Bedau, 1999; Di Paolo, Noble, & Bullock, 2000). How
best to mobilise simulation techniques in order to achieve
these ends is currently an under-explored question.

Relatedly, there is a growing need for an inferential
statistics tailored to the analysis of complex systems.
While descriptive statistics drawn from graph theory are
being used to characterise complex networks, there is
currently no equivalent to the enormously useful body of



inferential statistics that has become associated with the
normal curve. We require an analogous suite of statisti-
cal methods to organise around systems that are better
described by power laws than Gaussian distributions. In
particular, measures of significance and statistical power
are currently largely absent from accounts of the struc-
ture or dynamics of complex systems. Such tools would
enable us to assess the extent to which a complex sys-
tem is modular or hierarchical or decomposable in its
behaviour or structure, to further identify these sub-
components and characterise the coupling between them,
and to compare these answers to what would be expected
as a base-line for systems of the type we are considering
(e.g., Tononi, Sporns, & Edelman, 1994; Seth & Edel-
man, 2004).

Aside from methodological questions, there are many
general properties of complex systems that deserve more
extensive consideration. For example, the role that
spatiality plays in underpinning complex adaptive be-
haviour is poorly understood. Many complex systems
exhibit spatial organisation that appears to bear cru-
cially on their ability to remain robust, or to achieve
sophisticated behaviours. For example, neural net-
works and cities both rely upon or exploit a number of
spatio-temporally constrained processes (neurotransmis-
sion and neuromodulation; traffic and pedestrian flows),
and employ spatial plasticity in order to organise adap-
tively (Changeux, 1993; Holscher, 1997; Fujita, Krug-
man, & Venables, 1999). More generally, we have little
understanding of how to model coupling between com-
plex systems, and between them and their environments
(and those environments may of course themselves be
composed of multiple coupled complex systems). Ex-
amples of such couplings include those between the in-
ternet and its user community; the health service and
the pharmaceutical industry, or between ad-hoc wireless
and fixed wired networks (Ottino, 2004). Moreover, the
ways in which the structure and functionality of complex
adaptive systems are constrained by processes of growth
and development are also under-explored. Increased un-
derstanding of the way in which biological development
is influenced by genes and environment could enable us
to grow engineered systems rather than specify and fab-
ricate then in explicit detail. Finally, the evolvability
of complex systems (their ability to profit from small
changes) is only recently beginning to be explored. Com-
plex adaptive systems often appear to be able to avoid
the lock-in or fragility exhibited by large engineered sys-
tems in favour of a balance between robustness and flexi-
bility (Wagner & Altenberg, 1996; Kirschner & Gerhart,
1998). It is clear that there is considerable scope to ex-
ploit our understanding of all four of these issues in the
design and management of engineered complex systems.

Turning to examples of more specific questions, com-
plexity and emergent behaviour issues are relevant across
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a wide range of ICT systems and at every level. In terms
of strategic 1CT management, large-scale development
projects are running into complexity related problems
that require circumventing. For example, how can an
effective digital NHS be deployed and run? Here, is-
sues range from the technological (effectively maintain-
ing and integrating massive data sets) through socio-
technological (data protection issues and security and
trust) to social (overcoming cultural inertia in an en-
trenched user population). A key issue is discovering
“open-standards” software development methodologies
that can cope with the scale of the systems envisaged.
How can massive pieces of software be engineered to
deadlines in such a way that they remain under bud-
get, on schedule, fit-for-purpose, usable, maintainable,
extensible, robust and resilient, and so on? Here there
may be scope for developmental approaches inspired by
natural systems that exploit self-organisation, etc., in
order to circumvent the same problems.

At an architectural level, opportunities are presented
by the recently-documented apparent ubiquity of cer-
tain kinds of network structure (small worlds, or scale-
free networks, for instance) in natural and technological
contexts (Albert & Barabdsi, 2002; Newman, 2003). Re-
searchers are already exploring whether these naturally
existing structures can be exploited in ways that do work
for us. For instance, BT are currently exploring whether
the small-world structure of social networks can be use-
fully exploited by communications technologies.

Moreover, resource allocation issues are likely to be-
come critical as infrastructural 1CT networks grow and
interconnect. How can we manage grid computing archi-
tectures such that they maintain quality of service with-
out relying on centralised controls that will not scale to
cope with large, dynamic, heterogeneous ICT systems.
One approach suggested by complex systems ideas is to
design a topology that supports efficient co-allocation
of resources via the action of one or more decentralised
artificial market-economies. Such a mechanism, it is ar-
gued, could manage resources effectively without the re-
quirement of a central executive (Cliff & Bruten, 1998;
Byde, Salle, & Bartolini, 2003; Davy, Djemame, & No-
ble, 2003).

Considering this kind of complex systems design prob-
lem more generally, how can we use automatic processes
such as those employed in evolutionary and adaptive
computing to configure or optimise the organisation of
complex systems? Here we might exploit the problem-
solving abilities of adaptive populations to discover so-
lutions that are not only high quality, but robust to per-
turbations and easily tuneable. For example, designing
attack-resistant topologies for computational infrastruc-
tures might be recast as a problem that does not require
a single topology to be discovered (itself a difficult task),
but rather a space of topologies that can be rapidly and



easily re-worked to resist new kinds of directed or undi-
rected attack (Thompson, 1998; Layzell, 2001). This
emphasis begins to shift the burden of design from a
“right-first-time” stance to one of “continuous-redesign”
(i.e., adaptation) in the face of changing circumstances.
This relaxes traditional requirements of provably cor-
rect and robust designs that are required to solve fixed
problems for all time, in favour of methodologies that
are maximally responsive to failures that are consid-
ered an unavoidable fact of life (an approach sometimes
termed “satisficing” rather than “optimising”, Simon,
1981). Similar approaches could perhaps be developed
to cope with spam, worms, viruses, and system incom-
patibilities or conflicts, etc. Here the self-healing or self-
repair abilities of natural complex adaptive systems are
a direct inspiration.

Can ICT systems remain usable as their complexity
increases? Workable interfaces, and interoperability be-
tween multiple complex ICT systems remains an out-
standing challenge, especially given the rates of change
in the functionality and make-up of those ICT systems
and the variability and growing antipathy of user pop-
ulations towards reading or consulting manuals for the
ICT products that they use. Here the prospect of sys-
tems that are able to adaptively reconfigure themselves
to cope with their changing environment (i.e., their part-
ner systems and users) is attractive, but as yet untested.
New forms of responsive, dynamic ICT support might
exploit users’ growing reliance on organic on-line com-
munities rather than fixed manuals or help pages.

Relatedly, how can we establish 1CT software and mid-
dleware that efficiently support and encourage light-
weight peer-to-peer communities, and in what contexts
can they provide a workable substrate for commercial
or business activity? Currently peer-to-peer activity is
most closely associated with potentially illegal file shar-
ing that swallows significant bandwidth. However, there
may be scope for similar legitimate systems if problems
of co-ordination, licensing and infrastructural load can
be resolved (Saffre, 2004).

Finally, how can we effectively exploit continuing
progress in the production of simple light-weight, low-
power computational devices? Highly respected com-
puter science researchers of long standing have been
(for some years now) seriously considering the compu-
tational problems and opportunities arising from likely
future developments in the cheap mass-fabrication of
micro-electro-mechanical systems and nano-scale com-
puter systems: extremely small, simple, slow, and unre-
liable computer processor units, each with its own very-
low-range wireless communication transmitter/receiver
capabilities, could be produced at extremely low cost
per unit (e.g., literally ten-a-penny). Hundreds of thou-
sands of such units could be randomly scattered over
some space, and each unit could then be required to es-
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tablish communication contact with nearby units and
for the whole connected network of units to then coop-
erate on some globally coherent computation. All the
current indications are that such amorphous computing
networks are likely to require biologically-inspired self-
organisation processes for development and ongoing reg-
ulation, and indeed the leading amorphous computing
research group has vigorously pursued such biological
inspiration from the outset [I-118].

6. Challenges to Progress

In this final section, we review some of the main obsta-
cles that currently confront attempts to advance com-
plex systems research in the UK. We review factors
that prevent or limit interdisciplinarity, cultural barriers
that curtail industrial uptake of results and ideas from
complex systems research, and the limitations of current
training for 1CT complexity researchers.

6.1 Obstacles to Interdisciplinarity

Perhaps the key threat to the long-term prospects of
complex systems research is the instability of interdisci-
plinary research. At many levels, there is an increasing
recognition of the value of interdisciplinarity in collabo-
rative research. In particular there is an increased aware-
ness of particular disciplinary interfaces (bioinformatics,
geographic information systems, etc.) which has led to
the employment and development of relevant faculty, the
establishment of research groups, and the targeting of
specific funding initiatives. However, the oft-stated more
general assertion that “interdisciplinarity is important”
has yet to translate into many institutional structures
that support and promote work that genuinely spans dis-
ciplinary boundaries.!!

First and foremost, it is widely perceived that the re-
search assessment exercise (RAE), designed to rate the
quality of UK university research activity and thereby
encourage excellence across the board, has inhibited and
restricted interdisciplinarity. As yet, the extent to which
the next round of assessment will continue this trend
or remedy it is unclear. What is apparent is that an
approach that divides individual researchers into a lim-
ited number of units of assessment organised along dis-
ciplinary lines will tend to let genuinely interdisciplinary
research fall between the cracks. This tendency could
be redressed in future assessment exercises by institut-
ing explicit mechanisms for assessing research regarded

Tndeed, we note with sadness the recent demise of the School
of Cognitive & Computing Sciences (CoGS) at the University of
Sussex. CoGS was for many years the UK’s only truly interdisci-
plinary centre for research in artificial intelligence and the cognitive
sciences, and from the late 1980’s onwards it became the nucleus
of the UK academic community for biologically-inspired complex
adaptive systems research. In general it takes many years to cre-
ate an interdisciplinary institution as intellectually rich and fertile
as Coas was, but only a small amount of time to break one up.



to be “non-standard” by the criteria of a particular unit
of assessment, and, crucially, by convincing the relevant
academic institutions that these mechanisms will actu-
ally reward interdisciplinarity. Without both measures in
place, university appointment panels will probably con-
tinue to regard the employment of interdisciplinary re-
searchers as a risk.

Along similar lines, interdisciplinary grant proposals
are perceived by academics to suffer from a higher than
average risk of rejection as a direct result of current peer-
review mechanisms. While it may be true that research
funding bodies are improving their ability to judge the
quality of interdisciplinary proposals, a widespread per-
ception within complex systems research is that achiev-
ing funding for this type of work remains difficult. Even
funding initiatives explicitly designed to target complex
systems research are prone to misfire if panels are com-
prised of individuals who cannot work together to iden-
tify high-quality proposals that may appear to be very
different in content from the panellists’ own research.
Such panels can tend to be multi-disciplinary rather than
interdisciplinary, in that they are comprised of domain
specialists from several fields, rather than researchers
who work at disciplinary boundaries and interfaces. As
a result, consensus building can be particularly difficult.
The same problem is presented by peer-review for main-
stream journals and conferences, and departmental job
panels.

The impact of review mechanisms on interdisciplinar-
ity might be acceptable if it served to simply raise the
bar, demanding higher quality of interdisciplinary ac-
tivity than might be required of more standard job ap-
plicants, grant proposals, or research papers. However,
there is no evidence that it is only high-quality inter-
disciplinary activity that survives peer-review. In fact,
activity at interdisciplinary boundaries is perceived to
be of very patchy quality, with sloppy, misguided or
trivial work proposed, funded and published at higher-
than-average rates compared to mono-disciplinary stan-
dards. In particular, the reinvention of established ideas
and techniques, and the glib, content-free, exploitation
of hype and fashion are frequently complained of both
within the complexity research community and outside
it. Indeed, it is these perceptions that fuel the tendency
for panels to subject interdisciplinary work to increased
scrutiny.

Opinions on how to address these problems differ, with
some researchers believing that there are inherent diffi-
culties in assessing routine interdisciplinary research (let
alone ground-breaking work) that cannot be avoided,
that such work will always be risky, slow, of patchy qual-
ity and that a degree of disenfranchisement is a fact of
life for interdisciplinary researchers. While there is some
disagreement over the accuracy of this picture, few dis-
pute that the ability of institutional structures to cope
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with and promote interdisciplinarity could be improved
significantly.

6.2 Obstacles to Industrial Involvement

While industrial interest in exploiting complex systems
ideas and methods may be growing, there remain signifi-
cant cultural differences between industrial ICT engineer-
ing and the study of complex systems within academia.
In particular, the real-world problems of specifying, de-
signing, manufacturing and deploying systems that solve
real problems and thereby save or make money for busi-
nesses are often perceived to not be the problems that
academics are interested in solving. Complexity research
can appear to focus on what seem to be arbitrary nat-
ural systems (e.g., avalanches on sandpiles) or mathe-
matically abstruse problems (e.g., random networks, or
Conway’s “game of life” (Gardner, 1970; Poundstone,
1985)) and to pursue questions with little relevance to
the pressing problems facing industry; seeking a theory
of everything, rather than theories of particular some-
things. Conversely, industrialists can appear wedded to
a traditional design and engineering paradigm that has
little or no room for non-standard solutions, especially
where those solutions rely on emergent (i.e., mysteri-
ous) properties of complex (i.e., impenetrable) systems.
Several common properties of complex adaptive systems
tend to raise concerns: a frequent strong reliance on the
aggregate behaviour of essentially random elements; the
lack of a single, central authority or executive; an in-
ability to provably demonstrate robustness; and worst-
case scenarios that can range from poor to catastrophic.
These communication problems are surmountable, but
they require considerable effort on the part of both com-
munities.

6.3 Training

While there has been recent growth in complexity re-
search, and also in the recognition of the relevance of
complexity research to 1CT, there has not so far been
a proportional growth in related training and educa-
tion opportunities to create the required human capi-
tal (i.e., appropriately-skilled researchers). Discussion of
Figure 2 earlier in this paper highlighted the diversity of
backgrounds experienced by complexity researchers, but
also drew attention to the relatively unprepared state in
which most enter the field. As far as we are aware, nei-
ther the notions of complexity and emergent behaviour,
nor the tools and techniques with which complex sys-
tems can be studied, are included in standard computer
science curricula at any level in UK education. While
there are a handful of advanced undergraduate modules
and a small number of masters degree programs that
target complexity among a number of issues, these are
in the minority. Where such ideas are actually encoun-



tered in ICT degree programs, their treatment is often
brief and as a result necessarily superficial. There are
few, if any, 1CT-relevant complex adaptive systems text-
books or educational primers alongside the profusion of
popular science treatments.

If the complex systems community are correct in ar-
guing that issues of complexity and emergent behaviour
will become increasingly significant factors for ICT in the
near future, they should perhaps be increasingly con-
cerned with both conveying these ideas to ICT practition-
ers in general, and explicitly supporting a new generation
of scientists and engineers equipped to develop and ex-
tend those ideas. At minimum, the absence of complex-
ity from core-curriculum 1CT modules denies the aver-
age student both an awareness of the complexity-related
problems that beset modern computational infrastruc-
tures, and also an ability to make informed choices with
respect to the techniques and ideas being developed by
complexity researchers. To the extent that these prob-
lems and ideas may rapidly become central to modern
ICT practice, they should certainly not be taught as pe-
ripheral, optional, specialist, and esoteric.

As noted previously in this document, many signif-
icant factors mitigate against opting for an academic
research career in interdisciplinary complex systems sci-
ence. Trusting that significantly many bright researchers
will continue to take this gamble is perhaps unwise.
Moreover, even if sufficient numbers choose to pursue
questions of complexity and 1CT, the educational struc-
tures that are currently in place may fail them.

In particular, current educational trends are likely to
increase the rate at which poorly-understood, compli-
cated, detailed, simulation models are built and relied
upon as “realistic” in some way. Three factors are in-
volved. First, the above-noted lack of significant ex-
posure to ideas of complexity and emergent behaviour
at primary, secondary and tertiary levels results in a
naivety with respect to the problems of modelling com-
plex systems. Second, the increasing attention paid to
1cT and programming skills across many diverse de-
gree programs equips students with the relatively lim-
ited computing skills required to build a simulation, but
not the other skills that are needed; this is a situation
in which a little knowledge really can be a dangerous
thing. Third, and most importantly, the continuing fall
in numbers of students taking mathematics qualifica-
tions prior to their university degree, and the consequent
erosion of both mathematics undergraduate programs,
and mathematics content in 1CT degrees is producing
a math-poor student cohort unable to underwrite their
simulation building activity with a relevant mathemati-
cal foundation, or to design appropriate experiments and
controls, or to rigorously statistically analyse the results
that their simulations generate.

Simulation modelling is an increasingly important
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skill, and one that should be being taught carefully on
many undergraduate courses. If this is to happen, it
must not occur at the expense of teaching the mathe-
matical skills that necessarily underpin their proper use.
It has always been difficult to keep 1CT education abreast
of what is a very fast changing area. However, there is a
real risk that failing to incorporate simulation modelling
skills rapidly into computing curricula will lead to signifi-
cant problems. The public’s perception of statistics as an
illegitimate activity that is used by politicians, scientists,
management, and other lowlife, to artificially support
dubious lines of argument could soon be augmented by
a similar attitude to simulation. Computational models
are increasingly being used to predict and control real-
world scenarios such as intervention in traffic systems,
the ecological impact of genetically modified crops, the
ability of our armed forces to achieve military targets,
and similar examples in many other fields. Without the
establishment of good practice in complex agent-based
simulation modelling, “simulation” could rapidly join or
even replace “statistics” alongside “lies” and “damned
lies”.

7. Conclusion

The UK is very well-positioned to benefit enormously
from a combination of its high-quality complex systems
research and its innovative ICT industry. Innovation at
the intersection between these two activities is likely to
be crucial to the future prosperity of the world’s comput-
ing industry and the myriad activities that 1CT under-
pins. In particular, the problems posed by increasingly
networked systems demand complex systems approaches
that must be developed quickly through collaboration
between multiple disciplines and industrial sectors. Ef-
fectively facilitating this kind of collaboration is a major
challenge facing institutions at all levels: government
bodies and funding agencies; professional organisations;
industrial research and development labs; and univer-
sities, both as centres of research and as providers of
education and training.
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