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Policy discussions about wireless communication are usually framed in terms of spectrum,
signals, and radios. Spectrum is sometimes conceptualized as a space, and sometimes as
a resource; sometimes those two are combined into a spatial resource -land. There are two
common mental models for wireless signals: as objects moving through space, or as sounds,
particularly speech. Radios are modeled as people. The spectrum/signals/radios approach is not
the only way to model spectrum; a Wireless as Internet model is emerging. Mismatches between
mental models and the underlying phenomena can inspire faulty intuitions.
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Metaphors in Wireless Communication

The phrase "a radio talks to a fixed swath of
spectrum" [1] sums up how most people talk,

and think, about wireless communications: by using
mental models, also called metaphors. Relatively
abstract concepts like spectrum and signal are
partially understood in terms of the more concrete
concepts which are directly grounded in our
experience, like space, objects, sound, and people
[2], [3].

A concept like spectrum has little intrinsic structure.
It gets most of its content from the mental models
used to talk about it, which provide a rich structure,
highlight some attributes, and hide others. Such
models strongly influence policy debates and
research agendas.

The domain of cognitive
radio research is
particularly vulnerable
since the complexity of the
topic leads to multi-faceted
metaphors, and since the
same terminology can
have different meanings in
policy, legal and technology
communities. The study
of mental models can
contribute to understanding
decision making processes,
and to ensuring that
stakeholders understand
each other.

The dominant mental model for wireless
communication has three salient elements, each of
which is understood using metaphors:

1. Spectrum: the medium of communications, which
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is commonly understood as space, a resource, or
land.

2. Signals: the messages being carried, which are
understood as either objects flying through the air, or
as sounds (particularly speech).

3. Radios: the sources and sinks for messages,
which are understood to be sentient agents, often
people.

This model leverages our knowledge of space,
resources, objects, sounds and people to make
wireless communications intelligible. Concepts like
capacity, productivity, ownership, and intelligibility
are not inherent in electromagnetic communications.
Once they have been made available through the

use of mental models, they
shape our thinking in ways
that are not directly coupled
to the technical details of
communications. After giving
two examples of metaphors in
action, I focus on how mental
models influence the emerging
field of cognitive radio.

A. The Spectrum Commons

The Spectrum is Land model
can be used equally well by
both "property rights" and
"commons" advocates in the
spectrum debate. It is striking

that the spectrum commons concept is built on the
notion of Spectrum is a Resource, and Spectrum is
Land in particular. This represents a rhetorical trap,
since most land is privately held; public spaces are
the exceptions that prove the rule, and most people
have no experience at all of commons land.

(to next page)

July-August 2007 Volume 35 Number 3 25

http://www.iicom.org


Intermedia Essay

The struggle of the Open Spectrum movement
to find alternative metaphors in the debate about
unlicensed spectrum uses shows the importance
of mental models. Some scholars have pointed
out the flaws in the dominant metaphors, and have
suggested that "the Internet" would be a more
accurate mental model. This Wireless as Internet
argument is an attempt to re-frame the conversation
away from the Wireless as Spectrum meta-model.
However, since the two models divide up their
subject matter in different ways, they cannot be
directly compared. Consequently, Open Spectrum
advocates and the spectrum policy making
establishment have frequently argued past each
other.

At times, Open Spectrum proponents have used
the Spectrum is Space metaphor without going
all the way to Spectrum is Land. Kevin Werbach,
for example, has used a Spectrum is an Ocean
metaphor to bridge between the two models:
"Technology is transforming the capacity of the
spectrum from scarcity to abundance. akin to
the vastness of the oceans. But current airwave
regulation is similar to giving companies exclusive
shipping lanes, and requiring nonlicensed users to
pay a toll to access them" [1].

B. Interference Temperature

The FCC introduced the concept of interference
temperature in the hope that it could "establish
maximum permissible levels of interference, thus
characterizing the 'worst case' environment in which
a receiver would be expected to operate" [26]. It
is an attempt to move away from regulating the
radiated power of a transmitter towards measuring
the resulting signal level at a receiver. It is a
new metric which measures the radio frequency
power available at the receiving antenna per unit
bandwidth, in units of temperature [14]. [26].

Interference Temperature is a blend [3] of two
conceptual frames, "interference" and "temperature."
The Interference concept provides notions of
discemable signals, receivers and transmitters,
and characteristics of signals and devices. From
the Temperature frame comes the notion of a
single number defined at every spatial location that
represents the environment. Some concepts, like
the dependence of "harmful interference" on signal
and receiver characteristics, are excluded from the
blend. Temperature's connotations of context-free
objectivity dominates in the blend.

The Interference Temperature proceeding has
been terminated by the FCC. One reason for its
failure was that there was no obvious fit between
our everyday understanding of temperature, and
the spatial mental models we use to conceive of

spectrum. The blend was not intelligible to lay
people. An idea's appeal depends on how well
its metaphors fit one's experience; interference
temperature just didn't fit.

The metaphor was also sterile in that it did not
yield emergent structure, that is, new insights that
were absent from the input frames [6]. Research
proceeds by obsessively working through the
ramifications of a fertile metaphor, testing the links
between domains that the metaphor represents,
and using the implications to frame new questions.
Interference Temperature hasn't inspired a new
research field in that way that, say, Cognitive Radio
has.

C Cognitive Radio

Cognitive Radio is the integration of software
radio and machine intelligence [27]. It is a radio
communications paradigm where a network,
or individual nodes, change communications
parameters to adapt to a changing environment.
These parameters include both external factors
like spectrum usage, and internal factors like
user behavior. It blends the promise of artificial
intelligence with the excitement of software-defined
radio.

Here are some examples of the language of
cognitive radio, taken from [28]. [29]:

The underutilization of the electromagnetic spec-
trum leads us to think in terms of spectrum holes.
White spaces ... are free of RF interferers except for
ambient noise. A radio that knows its own internal
structure to this degree does not have to wait for a
consortium. Cognitive radio, then, matches its inter-
nal models to external observations to understand
what it means to commute to and from work. A cog-
nitive radio can infer the radio-related implications of
a request. The radio and the network could agree to
put data bits in the superfluous embedded training
sequence. In some bands, cognitive radios will sim-
ply compete with one another.

D. Risks in Policy Making

As engineers push for regulations that will allow
cognitive radio to flourish, they should be aware that
the reactions of policy makers may be the result
of the mental models which frame their proposals,
rather than the merits of the ideas. Approaches
which align with the division of a land-like spectrum
into frequency bands will "make sense" to decision
makers, as will those that focus on the cognitive
abilities of individual devices. Conversely, proposals
that don't fit into the spectrum/signal/radio model,
such as novel resource division methods, systems
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design approaches, and networks that embody
cognition, will be harder to sell.

thus raises challenges for agencies with scant
experience with receiver standards, let alone
software behavior verification.

Engineers understand that radios are not conscious
in the ways that humans are; they use these
metaphors to guide their investigations, the results
of which then stand on their own merits. However,
policy and business decision makers may not have
such a nuanced perspective. Cognitive radio is
such a powerful image that decision makers may
be tempted to take the metaphor at face value, and
make inferences that reach beyond the bounds of
the model.

E. Risks for Research

The metaphors implied by "cognitive radio" can
inspire research problem statements that are
imprecise, or contain false or hidden assumptions.
This may lead to under- or over-estimates of the
complexity, or even solvability, of a problem.

Neoclassical economics instantiated in game
theory is often used to model behavior
for cognitive systems. Such an approach,
premised on a logically rational, self-
interested economic agent with perfect
knowledge of relevant information, has
been critiqued at length by political
scientists, sociologists and others
[33]-[35]. While this approach works
reasonably well for collective behavior,
it frequently fails to predict the conduct
of individual humans. Economics has
responded over recent decades with
a great deal of work on "behavioral
economics" (36). The upshot is that
cognitive radios modeled using
neoclassical economics may not behave
like analogous humans.

Cooperative mechanisms like etiquettes and ad hoc
networks are the subject of intense study [29], [31),
(32). However, the phenomenon which inspires this
work - cooperative behavior among humans - is
itself poorly understood. Economics, sociology and
related fields may provide inspiration, but do not
provide a solid theoretical foundation.

Cognitive
radio is

a very
productive
metaphor,

but it carries
a significant

risk

The terminology may also lead
decision makers to over-estimate
the risks of cognitive radio. The
Radios are People model not
only entails that the devices will
be smart, flexible, and intelligent;
it also intimates that some will
be malicious, untrustworthy,
or destructive. Cognitive radio
technology may be unfairly judged
to be a high security risk simply on
the basis of the connotations its
name evokes.

For example, they may infer that cognitive radio
systems will be as flexible and sophisticated as the
cognitive system they know best: human beings.
This inflates expectations. The "Artificial Intelligence
(AI) winter" of the late 1970s was due, in part, to
the dearth of promised results despite substantial
funding starting in the mid-1950s. While one cannot
directly compare a new endeavor like cognitive
radio with the relatively mature AI
field in the Seventies, the need
for expectation management is
obvious.

The "radio" part of the conceptual blend invites
regulation where it might otherwise not be
contemplated. Regulators have taken a largely
hands-off approach to computing. However,
governments have been regulating radio for almost
a century. They are not only comfortable doing
so; many feel it is their duty. While the blend of
"cognitive" and "radio" might bring computing's
unregulated regime to wireless, it may just as easily
impose radio regulation on computing.

Non-human behavior mayor may not be
appropriate; one may well prefer cognitive radios
to be rational or efficient in narrow terms, rather
than responding in the way their human owners
might. However, non-human behavior will clash
with expectations prepared by use of the "cognitive"
metaphor. Finally, a rational and predictable
single device or protocol does not guarantee the
predictability of the whole system. Research in
non-linear dynamics has produced many examples
of surprising behavior due to emergence or
deterministic chaos.

"Cognitive" implies informed behavior; cognitive
radio thus raises the question of regulating radio
behavior. Radio regulation to date has specified
fixed parameters so simple that the term "behavior"
is scarcely merited. This regulation has applied
almost exclusively to transmitters; receiver
standards have been rare, and those that exist
specify passive parameters like selectivity and
spurious rejection [30]. Regulating cognitive radio

If one did manage to build a system that
emulated human conduct, the side effects
would be problematic, since its behavior would
be underdetermined and unpredictable. Entire
industries of law courts and agony aunts exist to
help humans negotiate the treacherous shoals of
relationship and etiquette, and successfully cognitive
systems would need a similar infrastructure. The

www.iicom.org July-August 2007 Volume 35 Number 3 27

http://www.iicom.org


Intermedia Essay

word "cognitive" is a very loaded term, both in day-
to-day life and in fields of expert practice. It activates
strong mental models, and these models may differ
substantially from each other.

The cognitive radio metaphor inspires engineers
to emulate human abilities to understand, reason,
converse, and cooperate in order to solve system
communications problems. When these abilities
are applied to novel, non-human circumstances
such as communicating in a multi-dimensional RF
environment, there are three possible outcomes:

(1) human-like behavior will solve the problem;

(2) it will not; or

(3) behaviors that solve the problem will emerge, but
will not be intelligible to humans.

The third case is the most intriguing: we may not
recognize valid solutions, or if we do, we will find
them alien. The unexpected solutions produced
by genetic algorithms provide some precedent
for such an outcome. For example, Altshuler and
linden's genetic algorithm successfully produced
a circularly polarized seven-segment antenna with
hemispherical coverage which had an "unusually
weird" non-traditional asymmetrical configuration
(37).

Implications for Action

Both policy makers and engineers should take
mental models seriously. Metaphors are not
just figures of speech; they represent mental
models with a coherent (if sometimes mutually
contradictory) structures; they are peNasive/
unavoidable; and they affect reasoning by hiding
some aspects of a problem and emphasizing
others. One can't avoid using mental models; this
paper itself is premised on the metaphor Thinking is
Mapping.

over-influenced by the Spectrum is Land model.
Spectrum is not as easily divisible as the spatial
part of this metaphor blend suggests, and not as
susceptible to neoclassical economic analysis as
resource aspect implies. Conversely, someone
inclined towards collective use may be over-
influenced by the Signals as Sound metaphor.
Radios are not as smart as humans, and wireless
modulation offers many more choices than human-
intelligible sound.

Both policy makers and engineers should beware
of cases where a poor metaphor choice may
handicap a potentially fruitful solution. Interference
Temperature is a case in point. While the approach
was hobbled by many technical, political and legal
problems, a jarring blend of concepts contributed
to its difficulties. Policy makers should not hesitate
to prompt engineers for alternative metaphors if the
first one that is suggested does not make sense.

Engineers are also vulnerable to the subtle influence
of mental models. Practitioners in the field of
cognitive radio, in particular. will find it well-nigh
impossible to write even a technical paper without
using metaphors based on the human condition.
They can deepen their analysis by consulting with
subject matter experts when importing thinking
from another field via metaphors, e.g. working
with psychologists and sociologists to assess the
robustness of their theoretical frameworks for
collaboration.

Cognitive Radio is a very productive metaphor, but
it carries a significant risk of generating unrealistic
expectations and/or unwanted reactions among
decision makers. Engineers should use metaphors
in funding proposals with care. Such an evocative
phrase may secure bountiful funding, but it may also
over-inflate expectations and trigger a "Cognitive
Radio Winter." It can also infect technical thinking in
hidden ways - metaphors are powerful magic.

The simplest but most powerful response is simply
to be aware of using models, since a compelling
metaphor can obscure the value of alternative
approaches. For example, policy makers who think
of wireless communications in terms of Wireless
as Spectrum will find the Wireless as Internet
meta-model incoherent, since there is no mapping
between the two. However, both are necessarily
incomplete, by their nature as models. Setting
aside a customary approach and thinking about a
problem in terms of an unfamiliar model can lead to
different conclusions or suggest new avenues for
investigation.

Policy makers should beware of hidden biases
that are corroborated by their favorite metaphors.
Someone inclined towards property rights may be
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