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Something thereis that does not love awall...
And on aday we meet to walk the line
And set the wall between us once again....
There where it is we do not need the wall:
Heisall pineand | am apple orchard.
My apple trees will never get across
And eat the cones under his pines, | tell him.
He only says, “Good fences make good neighbours.”
Spring is the mischief in me, and | wonder
If I could put anotion in his head:

“Why do they make good neighbors? Isn't it
Where there are cows? But here there are no cows.
Before | built awall I'd ask to know
What | waswalling in or walling out,

And to whom | was like to give offence.
Something thereis that does not love awall...
He movesin darkness as it seemsto me,

Not of woods only and the shade of trees.

He will not go behind his father’s saying,

And he likes having thought of it so well
He says again, “ Good fences make good neighbours.”

~ Robert Frost [1]

Property rights are a solution to the “tragedy of the commons” by allocating property to its most valuable uses.
But property rights assume property is conserved.
Yet, spectrum capacity increases with the number of users, and if proportional to N, each new user is self-
supporting!
~ David Reed [2]

Property defines rights inefficiently.
Dynamic utilization of computation, power and bandwidth adjusted every few nanoseconds is more efficient.
Fixing chunks of one factor, subjecting them to transaction costs and strategic behavior,
will lead to artificial limitations of the set of usable combinations.
Property rightsin bandwidth inefficiently fence a sub-optimal resource boundary.

~ Yochai Benkler [3]

Revised version of a paper presented at 1% IEEE International Symposium on New Frontiersin
Dynamic Spectrum Access Networks, Baltimore MD, November 9, 2005.



INTRODUCTION

When Technology Removes the Fences

Using the word commons to describe a superior form of economic organization in early-21%
century Americaisrisky business. It runsinto the teeth of the dominant analytic paradigm, which relies
on neoclassical economicsto pressfor the strengthening and extension of more exclusive property rights,
the antithesis of acommons, in al aspects of economic life.

However, the resurgence of interest in the concept of a commons is driven by fundamental
empirical facts that areimpossible to ignore. The phenomenon of the commonsison therise acrossa
number of areas. Indeed, the cover story from the August 2005 issue of Wired magazine opined that
shared, collaborative production isthe “main event.”

In marking the 10" anniversary of theinitial public offering of Netscape, as alandmark in the
growth of the World Wide Web, Wired sees arevolution that penetratesto the core of daily life with the
transformation of consumersinto producers.’

Atitsheart wasanew kind of participation that has since devel oped into an emerging
culture based on sharing. And theways of participating unleashed by hyperlinksare
creating anew type of thinking — part human and part machine—found nowhere else
on the planet or in history...

What we all failed to see was how much of the new world would be manufactured
by users, not corporate interests...

Linking unleashesinvolvement and interactivity at levelsonce thought unfashionable
or impossible. It transformsreading into navigating and enlarges small actionsinto
powerful forces.

Theelectricity of participation nudges ordinary folksto invest huge hunks of energy
and timeinto making free encyclopedias, creating public tutorialsfor changing aflat
tire, or cataloging the votes in the Senate. More and more of the Web runsin this
mode. One study found that only 40 percent of the Web is commercial. The rest
runs on duty or passion.

Coming out of the industrial age, when mass-produced goods outclassed anything
you could make yourself, thissudden tilt toward consumer involvement isacomplete
Lazarusmove... The deegp enthusiasm for making things, for interacting more deeply
than just choosing options, isthe great force not reckoned 10 yearsago. Theimpulse
for participation has upended the economy and is steadily turning the sphere of social
networking —smart mobs, hive minds, and collaborative action —into the main event
[4:132].

Over that same 10-year period, the commons gpproach to spectrum management —the elimination
of exclusive rights to the use of parts of the spectrum — has had an equally impressive run [6]. The



remarkable success of WiFi in parts of the spectrum that were alowed to go unlicensed because they
werecondderedtobe”junk” or “garbage’ rankshighin the pantheon of successful contemporary commons
approaches.

But reality hasaway of forcing debates. The most immediate debate-forcing fact is
the breathtaking growth of the equipment market in high-speed wireless
communications devices, in particular 802.11 or Wik family of standards, all of
whichrely on utilizing frequenciesthat no one controls.... It now appearsthat serious
conversation between the two radical critiques of the licensing regime is indeed
beginning to emerge [7:5].

Thisdramatic successand growth of severa different typesof collaborative activitiesthat rely on
non-property or non-market relationships and exchanges, including, in addition to the World Wide Web
and unlicensed spectrum, open source software and peer-to-peer networks, posesachallengenot only to
the dominant economic paradigm, but to a broad range of received socia science thinking. Political
scientists, applying the Logic of Collective Action [8], believed that the collaborative process would
breakdown under theweight of afreerider problem. Sociologistsfeared an acceleration of the Bowling
Alone [9] syndrome, as the foca point of interaction shifted from the face-to-face physical world to
anonymous, flegting interactionsin cyberspace[ 10]. Marketersbelieved that huge bundles of information
goods would come to dominate online distribution [11]. There is steadily mounting evidence that they
were al wrong as new forms of collaboration bind people together in productive, socia and economic
relations to produce and salf-supply an increasing array of micro-productsto meet their needs.?

Purpose and Outline of the Paper

Thispaper offersan economic explanation for the success of these collaborative activities. Rather
than regurgitate the tit-for-tat debate between those who advocate expanding the role of property in the
spectrum and those who advocate more reliance on acommons approach,® it demonstrates the positive
case for the spectrum commons. The paper offers a comprehensive framework for analyzing the key
technology components of the ongoing digital revolution that are transforming communicationsin the
gpectrum. The framework is used to explain the economic organization and ingtitutional structuresthat
underlie the success of collaborative productionin digital, networked industries.

Section Il draws from the literature on industrial organization and ingtitutional economicsto
createan andyticframework. Theframework emphas zestransaction costsand the possibility of divergent
successful organizational structures and governance rulesfor accessto resources.

Section 11 presentsthe genera definition and description of the concept of collaborative production
by extending well-known economic concepts. It focuses on market failure in property regimesthat are
turned into successes by collaborative production.

Section |V describesthe key e ementsof thedigital, networked platform that i sthe contemporary
environment for the growth of collaborative production. These embody technological and institutional
changes of the digital revolution that took place over the latter part of the twentieth century.



Section V shows how key characteristics of spectrum make it a candidate for treatment as a
commons. It shows that open wireless networks are one example of the broader phenomenon of
collaborative production and describes the economic and organizationa features of the spectrum as a
commons that create the conditions for success.

Having demondtrated the viability of the aternative form of economic organization, Section V|1
discusses palicies that should be followed to strengthen and promote collaborative production in the
gpectrum commons.



THE ECONOMIC PARADIGM

Thispaper combinestwo common economic paradigmsasthe framework to explain the success
of collaborative production (see Figure 1). It adopts the structure conduct performance for anaysis of
industrial organi zation, which has been dominant in Americaover the past century, and blendsin critica
observations from institutional economics.

Sructure Conduct Performance

The SCP paradigm identifies a long list of factors that affect the economic organization of
production. The critical factors that play arole in the argument presented below are prominent in the
framework. Paraphrasing one of the leading textsin the field, | identify the following characterigtics,
replacing theword “ market” with “economic” where necessary [17:4-6]

The performance of economic systems is the focal point of analysis. “Performance is
multidimensiona and complex.” Aneconomic system should be efficient in the use of scarceresources,
progressive in exploiting the opportunities opened up by science and technology to increase output,
responsive to consumer needs and equitable in the distribution of income.

Performance depends on the conduct of participantsin theeconomic organization “in such matters
as pricing policies and practices, overt and tacit interfirm cooperation... research and development
commitments, investment in production facilities, legal tactics (such as enforcing patent rights), and so
on.”

Conduct depends upon structure —the number and size of economic units, the extent of vertical
integration, barriersto entry, the degree of differentiation of products, and the cost function.

Economic structuresare affected by basic conditions. Onthe supply-sdetheseincludetechnol ogy,
ownership of raw materials, and durability of the product. On the demand-sidetheseincludetherate of
growth and elaticities of demand and substitution aswell as purchasing and marketing characteristics.
Additiondl, critical factors are the framework of law within which economic entities operate and the
socioeconomic val ues of thecommunity “ such aswhether sympathiesrun toward aggressiveindividualism
or cooperation.”

The paradigm should be agnostic with respect to the choi ce of economic structures. Thestructure
that produces the best performance should be preferred. There is, however, a presumption in general
practice. The casefor competition comesfirst and is the baseline from which the analysis launches.

A competitive industry hasthree generd properties with important normative implications:

The cost of producing the last unit... isequal to the price paid by consumersfor that
unit. Thisisanecessary condition for profit maximization, given the competitive
firm’s perception that price is unaffected by output decisions. It implies efficiency
of resource allocation...



With price equal to averagetotal cost... [I]nvestorsreceive areturn just sufficient to
induce them to maintain their investment at thelevel required to producetheindustry’s
output....

[E]ach firm is producing its output at the minimum point on its average total cost
curve. Firms that fail to operate at the lowest unit cost will incur losses and be
driven from the industry. Thus, resources are employed at maximum production
efficiency under competition.

Onefurther benefit... Because of the pressure of prices on costs, entrepreneurs may
have especially strong incentives to seek and adopt cost-savings technological
innovation [17:20]

Market Failures

No sooner isthe case for competitive markets made, however, than qualifications are offered.
Aspirationally,

good economic performance should flow automatically from proper market structure
and the conduct towhichit givesrise. But for avariety of reasons, markets may fail,
yielding performancethat fallsbelow norms considered acceptable. The government
agencies may choose to intervene to attempt to improve performance by applying
policy measuresthat affect either market structure or conduct [17:7].

Several market failures have been identified. The fundamental assumptions about consumer
sovereignty and the single-minded maximization of profits by individuals or corporations come into
question. Thefailureof competition to obtain, wherefirmscan exercise market power, isafrequent focal
point of analysisand public policy.

Two sources of market failure that recelve agreat dedl of attention are central to the analysisin
thispaper —the production of public goodsand the creation of externdities. They areparticularly interesting
Situations because they occur not where competition is absent, but where competition exists, but failsto
performwell.

We consider two kinds of marketsthat are not likely to alocate resources efficiently,
even though they might otherwise be competitive: markets with externalities and
marketswith public goods... [a]n externality ariseswhen the action of any consumer
or producer affects the costs or benefits for other consumers or producers in some
way not transmitted by market prices.

A public good is a good that benefits all consumers, even though individuals may
not pay for the costs of production....

Why worry about externalities and public goods? The short answer is that, in a
competitive market, the invisible hand may not guide the market to an economically
efficient amount of production when there are externalities or public goods[18:727].
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Whilemarket failurefrequently dicitspublic policy responses, it may also create the opportunity
for dternative forms of economic organization.

I nstitutional Economics

The ingtitutiona economics critique of the neoclassica paradigm argues that the assumptions
underlying the profit maximization-rational action model are unredlistic and the factors included too
narrow to properly explain economic performance. Thecritical uncertaintiesof theneoclassical paradigm
arethefocal points of the search for other systematic factorsthat affect performance.

It was Ronald Coase (1937 [20] and 1960 [21]) who made the crucial connection
between institutions, transaction costs and neo-classical theory, a connection which
has yet to be completely understood by the economics profession. Let me state it
baldly: the neo-classical result of efficient marketsisonly obtained whenit iscostless
to transact. When it is costly to transact, institutions matter [23:4].

I nstitutional economicsfocuses on cooperation and transaction costs asachallenge to economic
systems. These are deemed to be of equdl, if not greater importance than the transformation costs of
production processes.

There is a different, and | think, better story. It concerns the endless struggle of
human beings to solve the problems of cooperation so that they may reap the
advantages not only of technology, but also of al the other facets of human endeavor
that constitute civilization...[19:133]

Institutions provide the basic structure by which human beings throughout history
have created order and attempted to reduce uncertainty in exchange. Together with
the technology employed, they determine the transaction and transformation costs
and hence the profitability and feasibility of engaging in economic activity...

In examining stability and changein history, theinitial issueis... What combination
of institutions permits capturing the gains from trade inherent in the standard
neoclassical (zero transaction cost) model at any moment of time?[19:118]

The two unique market failuresidentified above are, in many ways, the central problematics of
ingtitutional economic analysis. Public goodsand externaditiesare, respectively, gainsfrom cooperation
and trade that competitive market structures may fail to capture.

Transaction costs constitute a substantial part of the total cost of production, equaling the
transformation and transportation costs that are typically modeled in the production function. [24:48-
54]. Transactions have two aspects—a physical exchange “when agood or servicesistransferred across
atechnologicaly separableinterface[24:40]” and alega exchange, whichisthe* dienation and acquisition
between individuass of the rights of future ownership of physicd things[24:40-41] .5

| nformati on asymmetries between individua son the opposite sides of atransaction and the costs
of monitoring behavior and enforcing obligation are central causesof theingtitutional constraints. Search
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and bargaining costs become a primary concern. Diverse motivationa bases for action beyond profits
maximization can aso play an important role in ingtitutions including altruism, honesty, integrity,
commitment, fairness, and justice.

Politica actionto createtheingtitutional context that favors certain interestsand activitiesis not
an afterthought in theinstitutional perspective, but acentral part of theanalysis. Ingtitutional economics
accepts the question of property rights as a central political issue, not a foregone concluson. This
discussoniscarried out under therubric of governance structures| 24:5], which focuson property rights.
Thesearethe product of thepalitical system. “[T]he property-rights configuration existing in an economy
is determined and guaranteed by a governance structure or order. The latter can be understood as a
system of rules plus the instruments that serve to enforce the rules [24:5].” Properly approached, the
analytic framework is agnostic with respect to governance structures.

Adaptive efficiency isthe key ingtitutional measure of performance. Efficiency isthe result of
the manner in which economic organizations medi ate between theingtitutiona context and the environment
over time. Adaptiveefficiency isrelative and tolerant. Someinstitutions are better, some areworse, but
al are far from perfect. Less efficient ingtitutions can persst for long periods of time. They persst
because they meet minimum needsfor survival and apply force to preserve themselves against thresats.

Persgstenceisnot necessarily prosperity, however. Better institutionswill produce greater wedth
and resources. Viewing adaptive efficiency as a long-term trait, North identifies critical quditative
characteristics® at the heart of the concept

Adaptive efficiency, on the other hand, is concerned with the kinds of rules that
shape the way an economy evolves through time. It is also concerned with the
willingness of a society to acquire knowledge and learning, to induce innovation, to
undertake risk and creative activity of all sorts, as well as to resolve problems and
bottlenecks of the society through time [19:80].



DEFINING COLLABORATIVE PRODUCTION

Traditional Categories of Goods

Intheneoclassical paradigm, scarcity isabout rivalry and property isabout exclusion (seeFigure
2). Aprivategoodisrival since consumption by one person reducesthe quantity that can be consumed
by another person[18:G-7]” and exclusive since “consumers may be denied access[18:G-3].”

The central argument on private goods, as suggested by the Reed quote in the subhead of this
paper, isthat whereresourcesarerival or subtractable, efficiency requiresthey bedevotedto their highest
valued use. Exclusion givesthe owner of the resource theincentive to husband the resource, especialy
whereinvestment isnecessary to replenishit. Theclassic “tragedy of thecommons’ to which the quote
refersisthe case where the failure to grant rights of exclusion leads to underinvestment in the resource
and overuse,

When the rivalry and excludability conditions are absent, the provision of goods in markets
become problematic. Thesecharacteristicslead to difficultiesin production by privatefirms. Nonrivalry
occurs where increased consumption of the good by one person does not decrease the amount available
for consumption by others. Nonexcludability occurs where consumers cannot be excluded from
consuming agood. Thisgivesriseto afamiliar typology of goods.

The most frequently studied type of non-private goodsis that of apublic good. A public good
exhibitsnonrivalry in consumption and nonexcludability. Intheworld of private goodswhereindividuas
cannot be excluded, individuals may withhold support for the provision of public goods, seeking afree
ride. This prevents these public goods from being provided, even though they are good for the public.

But other problemsandissueshavea so beenidentified. Robert Frost’scomplaint about excessive
excluson as a social problem is transformed into an economic problem by Benkler’s observation. If
there are no cows, we do not need fences to keep them out, but those fences may prevent other, socially
desirable transactions from taking place.

Transactionsmay not take placefor avariety of reasonsincluding excessvetransaction costsand
the inclination to try to “hold-up” transactions, seeking a larger share of the rents [24:131, 139]. The
“tragedy of theanti-commons’ inthe excessvefragmentation of property rights, which prevent transactions
form taking place, has a'so been recognized [26].

Common pool resourcesand their associated governanceruleshaveincreasingly received attention
[25]. If private rights prevent sociadly desirable transactions from taking place, then shared rights may
allow them to occur. This has come to be known as the comedy of the commons [27].

Although al goodscan besaid tofall onacontinuum, rather than beideal types, inthetraditional
view spectrum appears to have the characteristics that approximate acommon pool resource [CPR].

Common-pool resources share with what economists call “public goods,” the
difficulty of developing physical or institutional means of excluding beneficiaries
[creating] the strong temptation to free ride on the efforts of others will lead to



suboptimal investment in improving the resources, monitoring use, and sanctioning
rule-breaking behavior. Second, the products or resources from a common-pool
resources share with what economists call “private goods’ the attributes that one
person’s consumption subtracts from the quantity availableto others. Thuscommon-
pool resources are subject to the problems of congestion, overuse, pollution, and
potentia destruction unless harvesting or uselimitsare devised and enforced [ 25:54].

The solutionto the problem of subtractability of common-pool resourcesisnot necessarily private
property.

Private property is not the only social institution that can encourage efficient use of
resources. If exclusion costs are comparatively high, common ownership solutions
may be preferable. If thelatter alternativeischosen, ruleswould, of course, haveto
beformulated... Further, there would have to be an institutional structure that could
enforce the rules established. Conceivably, this approach may represent the best
hope for finding a low-cost solution to the problem of ensuring efficient use of a
common resource. In general terms, the most efficacious institutional solution for
the CPR problem may be anything between perfect centralization... and perfect
realization of the principles of private property and freedom of contract [24:101-
102]

The possibility of co-existence of different governance regimes is particularly important for
Ccommon-pool resources.

Many CPR ingtitutionsare mixtures of “private-like” and “public-like” ingtitutions...

Ostrom, in reporting on the institutional-economic analysis of a number of long-
enduring, self-organized, self-governed CPRs, finds that private property and
communal property can exist side by side [24:102]

The next section arguesthat collaborative goodsin genera and spectrum in particular are quite
different from common-pool resources, requiring us to extend the two economic dimensions used to
define types of goods.

Collaborative Goods

The burgeoning of user-generated content on the web, the growth of peer-to-peer production,
and the success of open source software suggest activitiesat the opposite extremefrom the anti-commons
problem.

| have already asked what good fencesareif the cows do not subtract from the resources, but the
challenge of collaborative goods extendsthis question. What good are fencesif, instead of subtracting,
the cows add to the resources when they are allowed to roam freely?

In analyzing open source, Weber argues asfollows:
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The solution to this puzzle lies in pushing the concept of nonrivalness one step
further... to positive network externalities. Call it a network good, or an antiviral
good... The system as awhole positively benefitsfrom free riderswho will provide
something of value to joint production... the more “freeriders’ in this setting, the
better.

Thisargument holds only if there are a sufficient number of individuals who do not
freeride—in other words a core group that contributes substantially to the creation
of the good. [28: 154].

Thissuggests an extension of thetwo traditional dimensions. Antirivalry isasituationinwhich
increased use/production of the good by one person increases the amount/val ue of the good availableto
others. Inclusvenessisasdituation in which the value or amount of agood available for use/production
increases asthe number of people using/producing thegood increases. Thelatter characteristicisakinto
anetwork externality. Network externalities, aso known as demand side economies of scale, are
situationsin which the costs of producing or the benefits of consuming agood spill over onto thosewho
are producing or consuming the good, beyond the transaction.

A great dea has been written about the motivations that secure the critical condition for
collaborative production — how does one ensure a “core group that contributes substantially to the
creation of thegood?’ von Hippel providesinteresting insightsin hisstudy of user-driveninnovationand
their free revedling behaviors. He calls this a private/collective good. This is a good for which
individual s volunteer to support the supply of the good to the community of producers becausethey can

inherently obtain greater private benefitsthan freeriders. These provideincentives
for participation in collective action projects that need not be managed by project
personnel. In summation: Innovations developed at private cost are often revealed
freely, and this behavior makes economic sense for participants under commonly
encountered conditions... When the conditions are met, society appearsto have the
best of both worlds — new knowledge is created by private funding and then freely
revealed to al [29:91].

Network externdities have been known for quite some time and von Hippel shows that free
revealing has existed aswell. They haveinfluenced economic behavior to some extent. However, when
thesetraits become embedded in anew techno-economic environment and become pervasive, they have
arevolutionary effect.

A collabor ative good exhibitsantirivalry and inclusiveness. Theseincrease valueto the group
through positive externalitiesand motivateindividual s, who capture non-rivalrous benefits, to voluntarily
participate. Intheworld of collaborativegoods, the chalengeisto understand thewillingness of producers
to support or freely revea innovations that enhance shared benefits, even though they do not appear to
capture as much private value asthey could by withholding.

Thekey isto recognize the large positive externaiities associated with collaborative production.
Freereved ersrecognizethat the potentia gainsof opportunistic behavior will evaporateif the cooperative
behavior breaks down. Cooperation becomesthe rule, rather than the exception.
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Conditions for Collective Action
Weber’s discussion engages the issue of collective action directly.

Thisdynamicyieldsatwist on conventional collective action arguments, wherelarge
groups are less likely to generate collective goods. The conventional view coming
down from Mancur Olsenisthat thelarger the group, the smaller the fraction of total
group benefits any person acting in the group can expect to receive, so that person
gains more on the margin by allocating her effort toward a selfish pursuit. Second,
the larger the group, the less likely there will be oligopolistic interaction that might
help obtain the good — because any particular small group that wants to cooperate
will again get asmall fraction of the benefits. Andfinaly, thelarger thegroupis, the
greater the costs of organizing it in away that can compensate for either of these
problems.

Thetwististhis: under conditionsof antirivalness, asthe size of the Internet-connected
groupsincreases, and thereis aheterogeneous distribution of motivationswith people
who have ahigh level of interest and some resourcesto invest, then the large group
is more likely, al things being equal, to provide the good than is a small group
[28:155].

Weber’s twist on the collective action problem is geared to collaborative production of open
source. It may be invoking too many conditions. Because open source is oriented around a common
task, Weber needs heterogeneous, motivated individuals with resources. He offers a comprehensive
framework to explain why the conditionswill be met and von Hippel’ sdiscussion of user-driveninnovation
supports Weber’s mode.

The existence of heterogeneous resources available in the network definitely improves the
efficiency of collaborative responses, but thismay not be anecessary condition. Thecritica conditionis
the ease of communications.

The Internet was the key facilitating innovation. It wiped away networking
incompatibilities and the significance of geography, at least for sharing code. Asa
result, the Internet made it possibleto scal e the numbers of participantsin aproject...
As the numbers scale and the network grows, the likelihood of proliferating weak
ties—that is, pulling into the process people with very different sets of expertise and
knowledge — goes up as well...

To simply share code over the Internet became a seamless process. As bandwidth
increased over time, the Internet also enabled easy access to shared technical tools,
such as bug databases and code versioning systems, that further reduced the barriers
to entry for user programmers....

What practice doesreved isthat open source devel opers make enormous use of | nternet-enabled
communicationsto coordinate their behavior [28:83-84]
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Viewed more broadly, ease of communications is seen as the critical change in the collective
action context.

Evolving communicationstechnol ogies affect several factorsthat used to distinguish
effective collectives from ineffective ones. Technologies that reduce the cost of
sending information long distances (or to many people) can reduce organizational
costs, increase noticeability, and makeineffective communicative networks effective.
If group members' interests are sufficiently common, or if they interact in contexts
that induce them to share information, these technologies can a'so make selective
incentives a more viable recruitment strategy. Evolving technologies, as a result
change which groups can and cannot act collectively; doing so in a way that
undermines many widely held beliefsabout thelogic of collectiveaction. In particular,
evolving technologies can erase the disadvantages of being large — which should
change the rule of thumb that many people use to distinguish latent groups from
other kinds [11:329].
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TECHNOLOGICAL AND INSTITUTIONAL UNDERPINNING OF COLLABORATIVE
PRODUCTION IN THE DIGITAL AGE

From the point of view of industrial organization, the need to create a new category of goods
reflects a very fundamental shift in the means of production. From the point of view of ingtitutional
economics, the importance of new ingtitutional relations must reflect afundamenta shift in transaction
costs as well as in the flow of technology and knowledge. The underpinning of the argument in this
paper that collaborative economicsin the spectrum commonsisasuperior form of industrial organization
rests on the intersection of changesin the technologies of transformation, transaction, and knowledge.

Computers and Communications

Historically, dramatic changes in communications and transportation technology have affected
society deeply, but the convergence of a highly interrelated set of activities in the communications,
computer, and information industriesin thelate twentieth century created not merely anew environment
in which information is produced and distributed, but also a revolutionary change in a wide range of
economic activities.” Thedigital communications platform “linksthelogic of numbersto the expressive
power and authority of wordsandimages. Internet technology offersnew formsfor socia and economic
enterprise, new versatility for business relationships and partnerships, and new scope and efficiency for
markets [36:1].” Those societies that adapted quickest prospered, as ingtitutional economics predicts
[37][38].

The Internet unleashed competitive processes and innovation exhibiting the fundamental
characteristics of audacious or atomistic competition. Decentralized experimentation by userswho had
command over increasing computing power created the conditionsfor adramaticincreaseininnovation.

Because computing intelligence can be distributed widely, and the activities of the end-points
communicated so quickly, interactivity is transformed. “ As rapid advances in computation lower the
physical capital cost of information production, and asthe cost of communicationsdecline, human capital
becomesthe salient economic good involved ininformation production[39:2].” Usersbecome producers
astheir feedback rapidly influences the evolution of information products.

It isaproven lesson from the history of technology that users are key producers of
the technology, by adapting it to their uses and values, and ultimately transforming
the technology itself . . . But there is something special in the case of the Internet.
New uses of the technology, as well as the actual modifications introduced in the
technol ogy, are communi cated back to the wholeworld, inreal time. Thus, thetime
span between the process of learning by using and producing by using is
extraordinarily shortened, with the result that we engage in a process of learning by
producing, in a virtuous feedback between the diffusion of technology and its
enhancement [40:28].

Thismakesit possiblefor awholly new form of information production —based on peer-to-peer
relationships —to exist on a sustainable basis [39:22-23]. By drawing on abroad and diverse supply of
physical and human capitd , aloose, collaborative gpproach can provideapotent mechanismfor production.
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Theingtitutiona formsthat will expand morein this environment are those that economize on the most
vauablefactor of production—human capita — by facilitating communicationsto reduce cost or maximize
output [41:25].

Thus, therevolutionin communicationsand computing technol ogy combined with theingtitutional
innovation of the Internet to create not only a potentialy profound change in the environment in which
information is produced and distributed, but it opened the door to greater competition among a much
wider set of producers and amore diverse set of ingtitutions.

Taken together these critical features of the Internet are understood by economists
by generalizing the concept of the Internet’s bearer service through the ideathat the
Internet acts as a general -purpose technology or platform technology. The reduced
transaction costs and positive network externalities often found on the I nternet enable
new productsto be brought to market more easily and quickly thanin the past [41:45].

The National Research Council depicted the Internet with an hourglass shape. A vast array of
applicationsand usersin thetop half of the hourglassisinterconnected through an open communications
protocol to an array of networks in the bottom half [42]. The picture underscores the importance of the
Internet asabearer servicewith an open datanetwork (ODN) and protocolsat thewaist of the hourglass.
Thesearethelink between diverse networksand abroad range of applications. The principlesof openness
the Nationa Research Council identified bear repesting:

Open to users. It does not force users into closed groups or deny access to any
sectors of society, but permitsuniversal connectivity, as doesthe telephone network.

Open to providers. It provides an open and accessible environment for competing
commercia and intellectual interests. It does not preclude competitive access for
information providers.

Open to network providers. It makesit possible for any network provider to meet
the necessary requirements to attach and become a part of the aggregate of
interconnected networks.

Open to change. It permits the introduction of new applications and services over
time. It is not limited to only one application, such as TV distribution. It aso
permits new transmission, switching, and control technologies to become available
in the future [42:44]

Technology and Knowledge

There is an even more profound change that the technological revolution has wrought, as Joel
Mokyr argues:

There have been few comparable macroi nventions since the emergence of electricity
inthelate nineteenth century ... What has happened isthe emergence of alarge cluster
of separate innovations with an unusual propensity to recombine with one another
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and to create synergistic innovations which vastly exceeded the capabilities of the
individual component... Thesignificanceof ICT, then, isnot just initsdirect impact
on productivity but that it is a knowledge technology and thus affects every other
technique in use [43:42].

Recent analyses of technological innovation provide strong evidence that the digital
communications platform transformed the very fabric of theinnovation process—aprocessArora, Fosfuri
and Gamardd lacal “the changing technol ogy of technica change[44:112].” Thetechnologica revolution
altered the information environment to make distributed solutions more feasible, fostering the uniquely
user-focused character of the communications-intensive Internet solution. von Hippel arguesthat “the
primary irreversiblefactor that we specul ateismaking user-based design anincreasingly attractiveoption
istechnological advance[45:642].” Technica changetransfersthelocusof control —“therecent evolution
of technology and knowledge bases... has created greater opportunities for task portioning [44:112],”
which alowsgreater |loca autonomy indecison-making: “ Specificaly, themain forcebehind thechanging
technology of technical change is the complementarity between increased computational power and
greater scientific and technological understanding of problems[44:113].”

Theability to embody knowledgein tools and software lowersthe cost of transfer dramatically.®
Thisdso hastheeffect of promotingamuch morefine-grained divison of |abor.’ The* changing technology
of technical change’ alowstechnol ogica innovation to move outs detraditional economic organizations
(firms and corporations) and changes the form of organization aswell:

[M]odularity in product design brings about modular organizations... the standard
interfaces of a modular design provide a sort of “embedded coordination” among
independent firmsand innovators, which can coordinatetheir activitiesindependently
of a superior managerial authority. ... [M]odular systems that are also open (i.e.,
where the interfaces are not proprietary standards) make market leaders more
vulnerable to competition. While modularity can accelerate overall product
innovation, because of the contribution of several specialists, the presence of many
specialists can also lead to tougher competition and greater entry [44:104-105].

Platforms

Thefact that thetechnologiesat the core of thisrevol ution are platformswithin networksreinforces
the dynamic of change. “A platform isacommon arrangement of components and activities, usually
unified by aset of technical standardsand procedural normsaround which usersorganizetheir activities.
Patforms have aknown interface with respect to particular technologiesand areusudly ‘ open’ in some
sense[47:155].” They are important platforms because there are strong complementarities between the
layersand each layer sustains broad economic activity in the layer aboveit [46:9-15].

The power of the digital communications platform stemsin part from the fact that information
production is inherently nonrivarous, is subject to network effects and exhibits positive externalities
[46:13-17]. The production and distribution of information becomes more vauable asmore peoplegain
accesstoit. Information isamajor input to its own output, which creates a feedback effect [48] [49].
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Putting information into the world enabl es subsequent production at lower cost by itsoriginal producers
or others.

Communications and computer industries have aways exhibited network effects and strong
economiesof scale[46:22-23]. Astheinstalled base of deployed hardware and softwaregrows, learning
and training in the dominant technology is more vauable since it can be applied by more users and to
moreuses. Asmore consumersuse aparticular technology, each individua consumer can derivegreater
benefit from it. In addition to the direct network effects, larger numbers of users seeking speciaized
applications create alarger library of applications that become available to other users, and secondary
markets may be created. Digitization reinforces these economic characteristics because economies of
scope reinforce economies of scale.

Thesearedl thepositive benefitsof network externalities. Where network effectsand feedbacks
are direct and strong, they create powerful positive feedback loops [50]. The layering of platformsin
networks magnifies these effects.

Networks

Thearchitecture of the network inwhich thesetechnol ogies have becomeembedded isat least as
important as the technologica characteristics. The technol ogies themsalves would not be as powerful
nor would the effect on the rest of society be as greet if the platform had not evolved as an ultrarobust
network.

Networks are built from nodes (or endpoints) connected through communications links.
Interconnectivity is a critical feature of networks because “most systems displaying a high degree of
tolerance against failures share a common feature: their functionality is guaranteed by a highly
interconnected network [51:110].” It “seems that nature strives to achieve robustness through
interconnectivity [51:110].” Robust networks are typified by the formation of hubs: “the few highly
connected nodes that keep these networks together [51:113].” The links between hubs are especialy
important as bridges that hold the network together.

Inrobust networks, hubsand linksformmodules. Modulessharestronginternd tiesand specidize
indiscretefunctions, but havewesk tiesto therest of the network through links between hubs. Modularity
impliesadivison of labor. That is, specidization alowsmodulesto providefunctionsefficiently inthe
network. The modulesin arobust network are hierarchically organized. Successful nodes grow more
rapidly through preferential attachment.2°

Networks grow and establish structures according to rulesthat foster efficient structures. Hubs
form because of preferentia attachment, but links are not added randomly because “building and
maintaining new ties...leaves individuas less time for production; hence both congestion and ties are
costly [52:277].” Networks can be designed in various ways depending on the pattern of thelinks. The
links can be connected in various ways including centralized, decentralized and distributed.

Networks gain robustness by creating links that reduce effort. Watts calls them shortcuts; “[a]n
obviousapproachisto bypassthe overtaxed node by creating ashortcut, thusrechanneling the congestion
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through an additiona network tie[52:277].” Thedictionary definition of ashortcut capturesthe essence
of the process. “a method of doing or achieving something more directly and easily than by ordinary
procedure... to make the work more smple and easy [53:2102].”

But, which linksaremost important toforge? The answer that emergesisfamiliar to anyonewho
has studied the Internet: distributing communi cationsincreasesefficiency. The expenditure of timeand
effort (energy) are critical factors in efficient structures [52:277-279]. Buchanan notes that thisis a
pervasive principle: “Whatever the setting, computation requiresinformation to be moved about between
different places. And sincethe number of degreesof separation reflectsthetypical time needed to shuttle
information from placeto place, the small-world architecture makesfor computational power and speed
[54:58].”

We might call thisthe principle of distributed efficiency. Thereisatens on between preferential
afiliation, inwhich hubsgainlinks, and distributed efficiency, in which important shortcuts bypass hubs
that have become congested or overburdened and allow nodesto communicate. Nevertheless, thevaue
of distributed efficiency can beeasily identified. Important shortcuts (bridges) meet thecriteriaof reducing
traffic between neighboring hubs that are aready in communication through a third hub. By adding
bridgesto the decentralized network, it gainsthe characteristics of adistributed network.

Watts describes a specia characteristic of robust networks that result from balancing these
architectura principles as multiscale connectivity, and the network architecture that exhibits superior
performance as an ultrarobust network. He describesthe importance of multiscale connectivity interms
of avoiding or recovering from failure and also in facilitating success:

Thehierarchical, modular network that exhibitsboth decentralized and distributed communications
traitsalowsexperimentation at the periphery, without threatening thefunctiondity of thenetwork. Failure
isnot catastrophic; Snceit can beisolated and itsimpact minimized. Successcan be pursued independently
and exploited because of efficient communications.™

Watts goes on to identify searchability as a critical and “generic property of socia networks
[52:279:280]." Searchability isfacilitated by paying attention to one'sneighbors (chosen by preferential
attachment).*?

The equilibrium state of this process is a multiscale network for the ssmple reason
that only when the network isconnected across multiple scaesisindividua congestion
— hence the pressure to create new connections — relieved... the process of ties at
multiple scales also renders the network highly searchable, so that the multiscale
state becomes effectively reinforcing [52:288].

The Heightened Challenge of Transaction Costs

Inthedigital, networked platform, interfaces become extremely important. Digital technologies
can execute physical transactionsat increasingly rapid rates. Negotiating thelegal transactionsbecomes
avery largeproblem. Arora, Fosfuri and Gamardel laidentify two situationsin which the expl oitation of
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available technologies and innovative opportunities can be problematic because private actions are not
likely to achieve the optimal outcome. These are essentially collective action challenges.

The key hereisthat the knowledge has multiple potential applications, so that users
do not compete. When knowledge is nonrival, protecting that knowledge through
patents creates potential inefficiencies... A number of different potential users may
haveto get together to invest in creating knowledge. Such contractsare problematic
because userswill differ in the valuethey place upon the enterprises and, consequently,
arelikely to underreport their value [44:263].

Second are transaction costs problems “in cumulative or systemic technologies,” because “a
commercializable innovation may require many different pieces of knowledge some of which may be
patented and owned by people with conflicting interests[44:263].”

In aCoasian world with no transaction costs, given any initial distribution of property
rights over the fragments, agents will bargain to a Pareto optimal solution. More
realistically, therequired collection of the property rights, although socially efficient,
might not occur because of transaction costs and hold-up problems. Anagent holding
apatent on an important fragment (* blocking patent”) may usethe patent in an attempt
to extract as much of the value of the innovation as possible...

In other words, when several pieces of intellectual property have to be combined,
the transaction costs implied could be so high as to prevent otherwise productive
combinations [44:263-264].

Tim-Berners-Lee provides atelling example with respect to the Internet. Asthe Internet moved
out of thelaboratory and into thecommercial market, the specter of aclosedinterfacearose. Tim Berners-
Leedescribesit asfollows:

It was about this time, spring 1993, that the University of Minnesota decided it
would ask for alicense fee from certain classes of users who wanted to use gopher.
Since the gopher software was being picked up so widely, the university was going
to charge an annual fee. The browser, and the act of browsing, would be free, and
the server software would remain free to nonprofit and educational institutions. But
any other users, notably companies, would have to pay to use gopher software.

Thiswas an act of treason in the academic community and the Internet community.
Even if the university never charged anyone a dime, the fact that the school had
announced it wasreserving theright to charge peoplefor use of the gopher protocols
meant it had crossed the line. To use the technology was too risky.

Industry dropped gopher likeahot potato. Devel opersknew they couldn’t do anything
that could possibly be said to be related to the gopher protocol without asking all
their lawyers first about negotiating rights... It was considered dangerous as an
engineer to have even read the specification or seen any of the code, because anything
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that person did in the future could possibly be said to have beenin someway inspired
by the private gopher technology [56:72-73].

Open architecture is a powerful but fragile design principle. The next section shows that open
wireless networks are a good example of these digital, network platforms and that the performance of
these networksin the spectrum commons benefits greetly from the technol ogica and network changes of
recent decades.
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COLLABORATIVE COMMUNICATIONSNETWORKSIN THE SPECTRUM

The debate over situations in which acommonsiis a preferable approach to governance of the
access, use and management of resources long antedates the digital revolution. It would certainly be
possible to argue for a commons approach to spectrum without invoking the concept of collaborative
production, but the case is much stronger if we start with that observation and clam. Moreover, the
terminology used to describe the radio revolution cries out for such an approach. At the core of the
andysisisthe concept of software-defined radios, adaptiveradios, smart radiosor computationdly intensive
radiosin open wireless networks or mesh networks.

Antirivalry and Inclusiveness: The Physics of Spectrum Meets Technology in a Digital
Networ ked World

The technologies that have been at the heart of the digital revolution are at the heart of the
deployment of open wireless networksin the spectrum commons. The potential carrying capacity of the
spectrum has been the direct beneficiary of the convergence of progressin digital technology and the
ingtitutional development of networks.3

Inthetermsoffered in this paper, the communi cations networksin the spectrum commonsin the
digital ageexhibit e ementsof antirivalry andinclusivenessby adapting amultiscale, ultrarobust network
structure. Adding nodesto the network — repeaters —increases its carrying capacity.* Smart nodes get
their expanding brainpower from decentralized computational capacity to communicate seamlessy
utilizing embedded coordination protocols. Their brainpower isdriven by Moore'slaw. “There exist
networ ked architectures whose utility increases with the density of independent terminals... Network
architectures provide tremendous gain in communications efficiency on asystem basis[57:2].”

Antirivalry: Smart technologiesin mesh networks push spectrum toward the characteristic of
antirivalry. The ability of each node to receive and transmit messages, even when they are neither the
origin nor the destination expands the capacity of the network.

I nclusiveness. Asacommunications network, the spectrum commonsexhibitsthe strong positive
externality associated with inclusiveness. Themore people on the network the greater thevalueto users.
The denser the nodes in the commons, the greater its communi cations capacity.

Distributed I ntelligence: Theavailahility of intelligence and throughout the network isthe key
to itsimmense capacity.

Decentralization: Investment necessary for using the commonsto build communi cation networks
is decentraized. Virtualy al of the investment inheresin the individual devices. This cuts down or
eliminatesthefreerider problem. Withlow investment and transaction costs, therecruitment of contributors
isfacilitated. With mass-market devicesasthe central investment, this creates an interested community
of appliance developers who can profit from the preservation and expansion of the commons.
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Reed describes two characteristics of the adaptive network architectures in the spectrum that
parale the concepts of antirivalry and inclusiveness. The characteristic Reed calls cooperation gainis
thefocal point of hisanadyss. Thisisthe antirivalry principleidentified earlier.

What isclear for analyzing networked architectureisthat asthe demand for capacity
increases, and as the density of terminalsincreases, adaptive network architectures
that involve cooperation among all of the communi cating entities create radio systems
whose capacity can scale as demand increases.

Compared to systems of dedicated, isolated links, networks provide much more
transport capacity at much greater transport efficiency. This phenomenon, which |
have begun to call cooperation gain, creates major economic benefits. [57:10]

The second characteristic Reed callsnetwork optiondity. Itisaform of theinclusivenessprinciple
identified earlier.

The system-wide option value of flexibility in anetwork scales proportionally to the
square of the number of nodes, according to the law popularly known as Metcalfe’'s
Law. Similarly, the option valuethat accruesdueto the ability to dynamically assign
capacity depending on shifting demand can increase superlinearly as the number of
cooperating nodesin anetwork. | call these network externalities network optionality
[57:10].

The network efficiency principle identified earlier has a specific physica expression in open
wireless networks. “ If nodes repeat each other’s traffic then transmitted power can be lower, and many
stations can be carrying traffic [2:12].” The efficiency principleisthe same because “there is a tradeoff
between optimality and responsiveness to demand that involves deciding how much communications
capacity should be alocated to the overhead of capacity management [57:8].”

The combination of digital technology and network organization has turned the old logic of
interference onitshead. Adding usersimproves performance.

Technologies like smart antennas, spread spectrum modulation, and cognitive
(software) radios make it feasible for transceivers to dynamically change their
frequency, modulation, or power levels to enable more efficient and intelligent
spectrum sharing. Thetraditional logic that exclusive frequency licenses are needed
to manage “interference,” has been significantly undermined by technical progress
and the evolution of wireless markets. For example, advancesin signal processing
technology (e.g. multi-user detection theory) and cooperative networking (e.g. ad
hoc networking or grid computing) can exploit the fact that there are multiple signal
sources sharing the same frequency bands to improve reception gain. [62:8]

Reed identifies a series of findings about the functioning of cooperative radio networks that he
labels as “counterintuitive.” Having outlined the technology and network revolutions and examined
network principles and collaborative production, they are not counterintuitive at al, but the consistent
performance characteristicsof aset of coherent economic organizationsand socid ingtitutions—"Mutlipath
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increases capacity; Repeating increases capacity and reduces energy, Mobility increases capacity,
Distributed computation increases battery life. Channel sharing decreases latency and jitter [58].”

An Economic Model of Collaborative models

| have stressed in the analytic framework that technology is only one of the conditions that
determines performance. The physicsof spectrum and the principlesof networks create the opportunity,
but economic organizations and socia institutions must answer critical ingtitutional challenges.

Since cooperation is the key to the capacity gain, the challenge becomes the classic hurdle of
ingtitutional organization. Thecoretranstionisto*embed coordination” intechnology. Thetechnology
of technical change providesthe solution.

Digital signal processing isthe use of extremely inexpensive and rapidly improving
digital technology to handle all aspects of processing signals, including tuning,
modulation, coding, and compression, among other functions. Since digital
technol ogy enables complex and adaptive algorithmswe are able to approach closer
and closer to the theoretical limitsinvolved in manipulating and perceiving aspects
of the physical world — in the case of radio, directly manipulating and sensing the
electromagnetic fields that can be manipulated to carry information [57:5].

The physics of spectrum which lays the foundation for economic organization and institution
formation that exploits cooperative gain isreinforced by another important characteristic of the techno-
economic environment. As noted above, the investment necessary to create the growth of capacity is
decentralized, financed by users.®® End-user purchase of devicesthat carry the embedded coordination
replicates the Internet phenomenon where intelligence was distributed widely.

What the Internet hastaught usisthat. ..carrying all kindsof traffic over whatever linksare
available, we can achieve a high degree of efficiency, both technically and economically.
| nteroperation between networks removes unnecessary transaction costs, enabling new applications
to reach economicaly viable scale without the overhead of purpose-built networks for each
application, and enabling existing applicationsto beimproved in an upward compatibleway while
alowing legacy version to coexist [57:5].

Asaconsequence of the shift in the nature of the devices and the network, and the focal point of
investment, competition and innovation is shifted.’® The network and technology discussions argued
that decentralizing decision-making and shifting problem solving to thelocd level hasinherent benefits.

Reed presents a graphical demongtration of the fundamental characteristics of collaborative
production in the network commons. The analysis is essentialy the difference between a centralized
network and a decentralized network. This is the supply-side of the analysis (see Figure 3). In the
traditiona network, communi cationsdistancesare much longer, therefore requiring more energy/resources.
When devices do not help, the capacity of the network is set by the bandwidth available back to some
centra switch or server. Therefore, it isfixed at agivenlevel. Asmore devices are added, the capacity
per station declines.
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In contrast, when devices help and act as repeaters, sharing and supporting communications
between neighboring points, thetotal capacity of the system increases asdevices are added. Depending
on how well devices share, the per device capacity may decline, but at a dower rate than in the non-
helping case.

Cooperative gain means that in a repeater network a given number of transmitters will have a
higher carrying capacity (Figure4). Thetota capacity will behigher and the average capacity per repeater
will be greater. If wewereto calculate acost curve (not shown), we would find that the cost per unit of
capacity islower for both total capacity and on aper station basisin the repeater network.

Figure5 presentsthe basi ¢ conceptsof thedemand side of Reed snetwork andysis. | call thisthe
demand side since the size of the network — the number of the members of the network that can be
reached —and the pattern of interactionsdictatesthe val ue of the networksto themembers. Thevalue of
thenetwork inheresinthe number of connectionsthat can be madeand the possibilitiesfor communications
(and therefore commerce) that they open up.

Reed identifies three types of networks.

In the one-way broadcast network —the Sarnoff push network —the valueisequal to the number
of receiversthat asingletransmitter can reach. Reed usesawire service asan example. Inthe Metcafe
network the center actsasan intermediary, linking nodes. Reed usesclassified advertisng asan example.

Inthe Reed Community, collateral communications can take place. The nodescan communicate
with oneanother. Reed usesachat group asan example. The possible connectionsexpand dramatically.
Network optionality, when realized in group-formation, generates much greater value than traditional
models.

Figure 6 shows how the value of being part of the network scales as the number of members
increases. The Sarnoff valueis N. The Metcalfe valueis N2, The Reed community valueis 2V,

Figure 7 combines the supply side and the demand side of the collaborative network analyses.
The bold linesin the figure represent the collaborative modd in the spectrum.  The non-bold represent
thetraditional spectrum moded. Thedashed linesrepresent the supply-side of themodel inthe sensethat
they show the relationship between the number of users and the capacity of the system. The solid lines
represent the demand-side of the model in the sensethat they show the relationship between the number
of usersand the value of the network (and therefore the presumed willingnessto pay to be part of it). The
collaborative mode producesamuch higher level of capacity, useand value. Thesekey e ementsof the
collaborative model are defined in contrast to the basics of the traditional mode.

Traditional v. Collaborative Economics

Recent discussions of that traditional model, by one of thefirst peopleto suggest that unlicensed
gpectrum might make sense [64], underscores how easy it isto misunderstand the collaborative moddl.
Noam offersan explanation with respect to Figure 8 that describesaprogress on that startswith community-
based activity, but doesnot end withit. Theeconomic pictureisthetraditional neoclassical anaysiswith
economies of scae of network operators on the supply side and Metca fe' slaw on the benefit Side, or the
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willingnessto pay side. Thisisthe*“father'ssaying” we must get behind. The cost curvesreflect high
fixed costs and low margina costs. The competitive case is defined as a Metcafe network, smilar to
Reed. [72:3]

For Noam the economic problem isthat one must reach critical massin order to get costslow
enough to justify investment. “This activity will not take place, unless there is someone to support
and subsidizethe activity until it reachesthe size of acritical massand becomes salf sustaining. How
then does one get to the take off point?’ [72:4]

Noam identifiestraditiona examplesof government subsidies, regulated cross-subsidiesand
penetration pricing of complementsto expand demand. He seescommunity-based activity asafourth
way to prime the pump. “The fourth alternative, and the one most overlooked, is te community
approach. Thismeansthat the early usersform acommunity with the aim of increasing benefits and
externdities, and reduces costs.” [72: 6]

What Noam is describing are shiftsin the demand curve (see Figure 9). “In some cases, the
community take-off will not lead to sizethat will reachacommercially viable point. They will remain
community-based rather than commercia ... But in other cases, the externditiesand cost structureare
such that the community take-off leads to a community size that reaches the commercial take-off
point. At that point, business firms will enter.” [72:7] Figure 9presents the more familiar supply-
demand equilibria. Notealso that in Figure 9, oligopoly pricing takes place not where the supply and
demand curveintersect, but wherethe supply and margind revenue curveintersect, since“the solution,
evident in most mediaindustries, isto amarket structure that maintains prices above margina costs.”
[72:9]

Thus, Noam hypothesi zesa progression from community-based systemsthat aredriven by an
“Intense spirit of community, volunteerism and piracy [65:4).” But he assumesthat the economics of
thetraditiona mode will overtake the community-based mode.

when the commercial entry takes place, it pushes aside the community that made it
possible. The community-based system is transitional, not permanent. Within the
commercia alternatives, the center of gravity movesfrom

— P,, (the take-off point of complementarity),
— to P, (the take-off point of competition),
— to P, (the take-off point in an oligopoly) [65:5].

Noam argues that “when commercia entry takes place, it quickly and unavoidably and
unsentimentally pushes aside the community that madeit all possiblein thefirst place’ because

the big firms are able to provide the investment to create organized innovation and
user friendly and reliable products that appeal to users beyond the original savvy
community. Their familiar brandsreassure userswho valuetheir time. Their decision
mechanism is speedier than that of a self-governing community of volunteers. And
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their persistence is much longer-lived than that of voluntarism whose flame burns
brighter in the beginning than when gray daily routines set in. [ 72:6]

For Noam, community-based activity is a precursor, not a sustainable permanent ingtitution at
economic scale. If thecommunity-based activity is successful in creating alarge economic base, it will
be supplanted. Noam’s narrow role for community-based production as an enabling or catalyst bears
little relationship to the collaborative production argument presented in this paper. The examples he
uses, like CB radio, are smply a different phenomenon. Figure 10 makes this point by superimposing
Reed's discussion of collaborative economics on Noam's traditional spectrum model. | have aready
noted that Reed has argued that the M etcalfe network isreplaced by community formation. The benefits
scalemuch morerapidly inacommunity. Moreover, thecapacity of the system scalesaswell. Production
expands dramatically because there is greater value and more capacity. The impact of these two
characteristicshasadramatic effect ontheeconomics. Benefitsthat can only becapturedinthecollaborative
approach are substantial. Figure 10 assumes that output expands to the point where total capacity and
valueareequal becauseindividuals are making the decentralized decisions, facing only the community-
created cost curve.

Trand ating the capacity/va ueanays sinto thesupply and demand anad ys spinpointsthedifference
(see Figure 11). There are two factors at work, as depicted. The costs are lower. But the shift to the
collaborative demand curveisthe key factor that resultsin amuch higher level of output. Thisseemsto
be a better fit for the empirical phenomenon depicted in the quotations from the Wired article presented
in the Introduction to this paper.

There remain uncertainties about the range over which these characteristics of open wireless
networksin the spectrum commonswill operate. Physical limits can be reached and congestion (rivalry
and subtractability) could again become amore prominent feature of the environment. Givenwherewe
are at present, however, that should not be thefoca point of concern.

Inwireless, itislikely that the declining price of computation and the growing market
inwirelesscommunications deviceswill, for any useful time horizon (say 20 years),
make it cheaper to increase supply by improving end user devices than to introduce
apricing system to allocate slower growing capacity [7:40].

Exactly how rapidly the value curve rises and how strongly capacity grows are open to debate,
but there is a very high probability that the collaborative result is superior to the traditional economic
results. Thereiscertainly enough evidenceto support the proposition that open wirel essnetworksshould
begiven at least an equal opportunity to thrivein the spectrum commons. Asthey provetheir superiority,
they should be allowed to expand.
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POLICY IMPLICATIONS FOR GOVERNANCE RULES

For millennia, the spectrum waslocked in arudimentary technological prison, used everyday by
human beingsto communicatewith their natura physical transmitters, vocal cordsand musica instruments
and their natural receivers(ears). Oncetechnology amplified the use of the spectrum, the determination
of governance rules became apoalitica decision of extreme importance.

For about aquarter of century, spectrumintheU.S. wasunlicensed and Americanstook toit with
apassion. But, giventhetechnology of theday, spectrum quickly became congested, or sothe story goes.
A deal was struck to control congestion by controlling broadcasting (communi cations and speech). The
choice of governance rules based on exclusive dedicated licenses (i.e. license given to asingle entity to
provideasingle service) blended economiclogic (or illogic) and political power, asgovernanceregimes
inevitably do.

Whether the initial choice was correct or how long ago it outlived its usefulness are historical
guestions of little relevance to the current set of possibilities. Technology has now made it possible to
solve the problem of congestion without exclusion based either on property or licensing.

The current approach to dedicated, licensed spectrum hasbeenrightly criticized, capturing neither
theefficiency of themarket not the efficiency of acommons. The choiceof governance rules can be seen
asfdling onacontinuum of exclusion and accessin whichthefit between the benefitsof privateincentives
and public goodsand externalities maximizes socia welfare and the adaptive efficiency of theeconomic
and indtitutional system. Coase's[22] critique of licensed spectrum (which isthe launching pad for the
claimsto propertizethe spectrum [64]) was madea most half acentury ago, beforethedigital revolution.
Without abandoning the critique of the system of exclusive licenses, a careful consideration of the
transformation of the technical, economic and ingtitutional landscape argues for adifferent approach.

Transactions and Transaction costs in the spectrum commons

Even without the claim of cooperation gain, the governance rules should sill be progressivein
the sense introduced at the beginning of the market structure discussion. That is, the preferred regime
should exploit the opportunities made possible by the advance of science and technology.

If spectruminadigital environment did not havethe clear characteristicsof acollaborative good,
it would till be agood candidate for treatment as a commons based on its other characteristics. At a
minimum, it has the attributes of acommon pool resource that is non-depl etable, but congestible under
certain circumstances.

Astechnology advances, more transmissions may be accommodated, since smart technologies
allow them to be closer together in frequency, time and space, without interfering. The moment the
spectrumisvacated by onetransmitter, it can bere-occupied by other transmitters. Thisisindependent of
whether or not the transmitters act as repeaters, asin the earlier discussion of collaborative production.

Theresourceis not depleted whenitisused. Put another way, the replenishment costs are zero
[71]. Inthe context of atraditiona analysis of such acommon-pool resource the analysisfocuseson the
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transaction costs and external benefits of different rules to govern access to and use of the resources.
Since the resource is non-depletable, the only costs that are relevant in the allocations of access to the
resource are congestion costs. Any set of governance rulesthat create an incentive for or possibility of
restriction of capacity should be suspect. Those that promote increases in available capacity should be
preferred.

Assuming that governance regimes are equal with respect to incentives to supply capacity, the
analysisturnsto traditional transaction cost issues. Herethe nature of congestion influencesthe number,
frequency, timing and duration of transactions. Inthedigital age, congestionislikely tobelocd, intermittent
and short lived. The instant a transmission is completed, the spectrum becomes available for another
transmission. It isonly the desire of two or more parties to transmit at exactly the same frequency in
exactly the same place at exactly the same time that resultsin congestion. By exactly, we mean close
enough in frequency, time and space that the two transmissions would interfere with one another. Of
course, that interference isafunction of the transmitting and receiving technologies.

In evaluating the governance rules for these transactions, the distinction between the physical
and legd transaction introduced earlier becomes important. Seamlessness is a matter of a technica
protocol, essentialy built into devices. If the carrying capacity isto be fully developed, the full set of
physica transactions must take placein al cases, but what do thelegal transactions costs—bargaining —
add? Theanswer islittle, giventhenatureof theresource. Dynamicreallocationinaproperty environment
isdifficult if not impaossiblewith usesand users changing in milliseconds. The challenge of negotiating,
clearing, billing and enforcing rights means that “the more dynamic the system, the costlier it isto do
transactions [65:4].”

The geographically local nature of wireless communications network capacity, the
high variability in the pattern of human communications, and the experience of wired
networks suggests, however, that if pricing will prove to be useful at al, it will be
useful only occasionally, at peak utilization moment, and the cost benefit analysis of
setting up a system to provide for pricing must consider the value of occasional
efficiency gains versusthe cost of the drag on communications capacity at all other
times [7:7-8].

Because of the variable, local and short duration of congestion, the transaction costs associated
with negotiating clearance rights to transmit are high. The challenge becomes even greater when
transmittersand receiversaremobile. Solving thetransaction problem at the physical level and avoiding
haggling is an attractive solution.

Coase's Theorem says that commons can be allocated Pareto-efficiently by market
mechanisms if the externality can be internalized by assigning property rights.
However, such assignment is efficient only if the cost or exclusion islower than its
benefits. Inthe case of spectrum, the cost of narrowing bandwidth and the difficulty
of spectrum management isfar more seriousthan the benefits of direct trading [70:10].

If exploitation of the opportunities made avail able by technol ogy and scienceisakey measure of
performance, then the opportunity to expand capacity through dynamic alocation of spectrum must be
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captured. Given the current technological environment, Benkler’s observation that “property rightsin
bandwidth inefficiently fence a sub-optimal resource boundary” has basic validity.

The Macoecxonomics of the Sepctrum Commons

Demongtrating that allowing communications networks to develop in the spectrum commons
has superior transaction cost characteristicsis sufficient to establish apublic policy basisfor supporting
policiesto promote open (unlicensed) spectrum. However, the concept of performanceintroduced at the
outset of the paper was broader than meretransactiond efficiency. Severa other desirable characteristics
of theeconomic and ingtitutiona structure of society wereidentified. Thereareadditiona, macroeconomic
reasons that promoting open wireless networks in the spectrum commons merits public policy support,
at least in parts of the spectrum.

Future alocative and adaptive efficiency will depend upon a pervasive computing environment
inwhich the end pointsare mobile. Open wirdless networksin the spectrum commons are better ableto
support such activity.

Incentivesand I nfrastructure: Inarepeater system with embedded coordination, decentralized
investment and cooperation gain, Reed strongly doubts the value of selling rights to spectrum.

[11f my technical argument about how value is created in radio networks by user
financed investment is correct, then by selling spectrum rightsto private holdersfor
al time at any price, the government is not encouraging capital investment in the
economic development of aresource (the usual argument for privatization). Instead,
it isselling out the future value of aresource best developed by individual citizen/
users to a group of arbitrageurs — whose best payoff is achieved by making no
investment at all, while waiting until the public has to buy it back at a guaranteed
substantial premium [57:19]

Asl notedinthediscussion of industria organization, theincentive of property ownerstoincrease
their profitsis not synonymous with the maximization of social welfare. Reed ties thisto cooperation
gain.

The... bulk of the value created by adaptive networks and cooperation gain comes
from the voluntary actions of users (deploying new devices, protocols, and systems.)
That value already paid for by the users, devolvesto those usersdirectly intheform
of useful applications of the communications system. Thereislittle or no value that
is retainable by “ spectrum owners’ when the capacity of the spectrum increases by
adding more users who pay for their physical and software capital.

The only way for a spectrum owner to create a return, when capacity grows as the
user participation grows, would be to create an unnecessary scarcity of
communications capacity; that is, artificially raising prices by blocking users from
using their own investment in hardware and software capital freely [57:318-19].

29



Others see this as a more pervasive problem. The history of spectrum owner behavior suggests
that there would be an inclination to exercise market power in avariety of ways.

The key distinguishing feature of unlicensed spectrum is that there is no grant of
such aright. Inan exclusive regimeit is possible for the licensee to exclude other
usersfor reasons beyond those related to interference management...

The Licensee has an incentive to maximize the value of itsexclusive license, which
includes potentially restricting future accessto the spectrum, even when such access
could be shared at zero cost. If thereiseither monopoly or monopsony power, prices
may deviate from optimal levels... incumbents have an incentive to protect and
exploit their market power. By restricting the availability of spectrum, they may be
able to inflate pricesto capture artificial scarcity rents. Even more perversely, they
may selectively restrict spectrum access to new technologies that are expected to
pose a competitive threat to their market power, thereby influencing not only end-
user prices but the direction of technical change and slowing the progress of
competition. [62:16, 22, 23]

Accommodating uncertainty: Thecommonsapproachwithitsdecentralized user drivenfocus
has clear advantagesin flexibility. It isless dependent on small numbers of network owners guessing
what will be demanded. It avoids large lumpy investment and should lower the cost of updating and
versioning. Flexibility and uncertainty combine to enhance the ability of the structure to accommodate
uncertainty.

Innovation: Decentralized end-user driven innovation is likely to accommodate far more
experimentation and innovation. Theexperience of unlicensed spectrumintheageof digital, networked
platforms exhibits the fundamental characteristics of user-driven innovation, aggressive atomistic
competition because of its decentralized nature.

In addition many end-usersare using WiFi to extend thereach of their fixed broadband
Internet access and providing opportunities for new types of consumer networked
appliances. Inmany casesthese home WL ANsand sponsored hot spotsare supporting
open access to the general public through “freenets.”

Five years ago, WLANSs and 3G services were viewed as addressing very different
needs. Now it isclear that these services can be both complements and substitutes.
Equipment makers and service providers are now busily trying to integrate 3G and
WiFi services....

While current devel opment efforts are focusing on the use of UWB [ultrawideband]
as a short-distance wireless-cable substitute (e.g., to provide wireless connectivity
for home entertainment systems, UWB also could be used to support wide-area
broadband communications [62:9].

Democracy: Although this paper has focused on economic issues, there is no doubt that the
decentralized open wireless network hasdesirable political characteristics[59] [60]. Becauseof theone-
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waly broadcast nature of the el ectronic mass mediain the twentieth century, First Amendment rightswere
defined aslisteners' rights—theability to hear diversepointsof view. Thelicensing regimethat excluded
people from using the spectrum to project their voices far and wide limited their right to speak. Open
wirelessnetworksthat alow each repeater to be aspeaker expands speakers' rightsand holdsthe promise
of invigorating First Amendment rights. 1t returns them more closdly to their original formulation.

Lessg [64] observesthat

The*press’ in 1791 was not the New York Timesor theWall Sreet Journal. It did not
comprise large organization or private interests, with millions of readers associated
with each organization. Rather, the pressthen was mush likethe Internet today. The
cost of aprinting presswas |ow, the readership was slight, and anyone (within reason)
could become a publisher — and in fact an extraordinary number did. When the
Constitution speaks of the rights of the “press,” the architectureit hasin mind isthe
architecture of the Internet.

Specific Policies

Public policy will influence the extent of the space that collaborative production occupies and
the extent to which the commons is created. To expand the space, public policy should change its
directioninanumber of areasthat have been identified asthefoca points of economic organization and
ingtitutional development.

Sructure: The centra congtraint on the development of open communications networksisthe
limitation on the space in which these networks are alowed. At present the spectrum commons is
ghettoized, restricted to areas of the spectrum that have undesirable propagation characteristics. Given
the above analysis, thisisunjustified. Therewill be substantial cost and quality limitationsimposed on
open wireless networks if they are restricted to higher frequencies, which impose substantial cost on
society —raising the cost of communications[61] [62].

Theplaying field should beleve ed between user-driven innovation and investment and network
operator driven investment. Small end users and equipment vendors should have the same chance that
large network operators have. This means that dedicated unlicensed spectrum should be set aside for
open wireless networks at variousfrequency level s so that the these networks can devel op to exploit the
diverse propagation characteristics of the spectrum.

Coordination: Thecentral ingtitutiona chalenge, once spectrumismadeavailable, asacommons
isto develop rules of the road. Embedding coordination in devices requires standards and protocols.
“Managing vendorsof network componentsthat will beformed into networksby userswill betherole of
any regulatory approach. Obvioudly it isimportant to make sure that those networked componentswork
together efficiently, and that joint societal benefits be maximized [57:6].”

Recreating the hourglass shape of the Internet in the spectrum commonsisthegoal. Therearea
range of choicesthat should be eva uated with respect to promoting the open architecturethat maximizes
carrying capacity and alow innovation and competition in devices and applications. This means that
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open standards should govern the interface at the waist of the hourglass ensuring (for example) that all
formats and multiple frequency networks are supported; routing is nondiscriminatory; and end-to-end
connectivity ispreserved.

Itiscritically important to recognize how vital rulesthe achieve cooperation are. An absence of
property does not mean an absence of rules of governance. It means a different set of rules. Itisaso
important, however, not to assume that such rules cannot be written, or that the must be written by
government (and thereforewill be captured by oneset of interestsat theexpense of dl others). Infact, the
study of common pool resources, of which the spectrum is an interesting example, suggests otherwise.

Policymakers responsible for the governance and management of small-scale,
common-poll resources should not presume that theindividualsinvolved are caught
in an inexorable tragedy from which thereisno escape. Individuals may be able to
arrive at joint strategies to manage these resources more efficiently. To accomplish
this task, they must have sufficient information to pose and solve the allocation
problems they face. They must aso have an arena where they can discuss joint
strategies and perhapsimplement monitoring and sanctioning. I1n other words, when
individualsare given an opportunity to restructure their own situation they frequently,
but not always, use this opportunity to make commitments that they sustain, thus
achieving higher joint outcomes without recourse to an external enforcer. [71:193-
1294]

Communicationsisthekey to cooperation, whichis precisely the parameter of collective action
that the digital revolution has transformed.

Lower transactions costs: Eliminating or refusing to require a negotiation between spectrum
ownersand spectrum userswill lower transaction costs. One of themost important stepswould beto not
auction the spectrum. Spectrum auctions are essentially taxes that are passed through to users of the
spectrum[62:17-18]. However, thereare other waysto reduce the number and complexity of transactions,
such asmaking it easy to join the network; keeping the equi pment certification process simple and open;
ensuring portability of addresses, designing low maintenance networksthat easily isolate faults; relying
on best effort networks (to minimize QOS negotiation and disputes) [69].

I ncentives: Inacapitaist economy tax policy isoneof themost powerful instrumentsfor directing
investment. Policiesthat promote centralized investment (e.g. investment tax creditsfor large corporate
investmentsbut not smal individual investments) may bedriving economic activity inthewrong direction.
Thisplaying field should be levelized too.

Trangtions. Cons derableattention hasbeen devoted to thetrangition out of the current dedicated
licensed regime. In particular, possibilities for co-existence should be considered. These include both
allocating spectrum that is cleared of dedicated licensed uses between flexible licenses and unlicensed
approaches. This aso includes alowing non-interfering underlays where incumbents have previoudy
had exclusiverights. 1t also should include regimesto expand dedicated unlicensed spectrum. Thiscan
be an evolving approachinwhichtheexclusivelicenseholders, who are” overly sengtiveto interference,”
are required to accommodate progressively more sharing [65:3].
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Another transition should be considered. A world of pervasive mobile computing might become
congestible (i.e. where cooperation gain has been exhausted). Under these conditions, itisnot clear that
abandoning the spectrum commonsin favor of privatized spectrum would bethe correct answer. Some
have argued that collective actionsto expand the communicationsinfrastructure would be preferable as
agenera proposition [63] and with respect to spectrum in particular [62]. In other words, clearing out
dedicated use bandwidth hogs to make space for open wireless networks may be the better policy. The
spectacle of the over-the-air broadcastershol ding ahuge swath of exclusive spectrum and smultaneoudy
demanding that cableoperatorsdidtributedl their digital Sgnas(digital must carry) suggeststhat something
isvery wrong with the dedications of that much very attractive spectrum to that particular use.
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CONCLUSION

The surprise of Wired magazine at the strength of collaborative production underscores the
challenge to conventiona thinking that the new economic paradigm congtitutes. Many anayses that
extrapolate from traditiona paradigms, like CB radio, miss the point [66][67][68], just as an executive
from ABC did, when he opined in 1989 that the Internet would be *the CB radio of the 1990s[4:132].”

Perhapsthe ultimateirony of Wired magazine' scover story isthat now that it “gets’ the essential
dynamic of “collaborative action,” the future iswireless, not wired. The Internet principle propagates
well in open wirdless networksin the spectrum commons because the physics of spectrum interactsina
powerful, positivefeedback |oop with the economicsand indtitutional fundamentalsof digital, networked
platforms. Preserving and expanding the spectrum commons is critically important to ensuring the
adaptive efficiency of the collaborative production that the Internet revolution has triggered because it
provides and thrives on mobile, distributed computational capacity. Dedicated licensed spectrum is
quickly becoming one of the wallsthat has outlived its usefulness and should come down.



ENDNOTES

1 See[5] for an earlier, scholarly discussion of this transformation.
2.0n collective action, see [12]. On social relations see [13]. On the breakdown of bundles see [14].
% The clashes have become frequent and prominent. Among the more notable exchanges see [15][16]
4 Both sides of the debate over spectrum governance claim Coase as a forefather, in part because of his critique of
the Federal Communications Commission management of spectrum [22].
5 Heller and Ostrom [25] refine the legal into three rights (alienation, exclusion and management) and the physical
into two rights (access and extractions).
6 The lack of precision in the definition compared to allocative efficiency has been criticized [24: 475-476)].
”We can track the technological transformation across all dimensions of society [30] including the economy [31],
the workforce [32][33], the polity [34] and civic institutions [35].
8 “ Advances in scientific understanding decrease the costs of articulating tacit and context-dependent knowledge
and reduce the costs of technology transfer. Further, such knowledge can be embodied in tools, particularly
software tools, which make the knowledge available to others cheaply and in a useful form [45:105].”
% “Advancesin science and the tremendous increase in computational capabilities have greatly contributed to
extending the division of innovative labor [45:105].”
10 Hierarchical modularity has significant design advantages. It permits parts of the network to evolve separately...
The impact of genetic mutations [experimentation or innovation], affecting at most a few genes at once, islimited
to afew modules. If amutation is an improvement, the organism with the superior module will flourish. If,
however, tinkering with a gene decreases the modul €'s fithess, the organism will fail to survive [51:236].
1 Multiscale connectivity, therefore, serves not just one but two purposes that are essential to the performance of a
firmin uncertain environments. By distributing the information congestion associated with problem solving across
many scales of the organization, it minimizes the likelihood of failure [maximizes the chances for success]. And
simultaneously it minimizes the effect of failures [maximizes the impact of successes] if and when they do
occur.... Because they exhibit this two-for-the-price-of-one robustness property, we call multiscale networks
ultrarobust [52:286].
12 Searchability implies another characteristic of the network, feedback, as described in neural networksin
[55:134].
B“Thereisa‘'new frontier’ being opened up by the interaction of digital communications technology,
internetworking architectures, and distributed, inexpensive general purpose computing devices [57:2]
14 Berger [65:7] refers to user/relay nodes.
5 A key aspect of the new demand is that the systens can and will be largely “user-
financed” unless regul ation bars users fromdepl oyi ng new technol ogy. The bul k of capital
expendi ture in networked systens, especially systens that need no cables or optical fibers
w |l be borne by users rather than by “network operators.” The renarkabl e success of
802.11b (WHF ) radio systens is clear evidence of the growth of this category of devices
and applications. Wthout any significant narketing expenditure, 802.11b WAN termnal s
have grown at a renarkable rate, even during a tel ecomrecession [57: 3]
16 “|_ike the PC industry, the control of modular interfaces, standards and protocol evolution will be the key areas
of competition to define services for users, rather than the current situation where competition focuses on
operators because they bear the capital costs of system deployment [57:6].”
17 |ehr provides asimple example for open wireless networks:
In the case of a Bluetooth-enabled headset or MP3 player or a USB-enabled home entertainment
hub, it is more likely that interference issues — if they arise — can be locally managed (e.g., if a
cordless phone is interfering with the use of the home WLAN, then walk a few feet away). In
contrast, service providers may be reluctant to invest the millions of dollars that are required to
build wide-area carrier networkswithout the protection against futureinterference that an exclusive
license provides [62:10]
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FIGURE 2:
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Source: The traditional four-cell typology with the characteristics of
subtractability and exclusion isfrom C. Hess and E. Ostrom, “Artifacts,
Facilities and Content: Information as a Common-pool Resource,”
Conference on the Public Domain, Duke University School of Law,
November 2001, p. 54.






Figure4: Spectrum Capacity in Traditional and Repeater Networks
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Source: D. P. Reed, “How Wireless Networks Scale: The Illusion
of Spectrum Scarcity,” Silicon Flatirons Telecommunications
Program, March 5, 2002, pp. 10, 14.



Figure 5: Network Configurations
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Figure 6: Capacity in Traditional and Repeater Networks
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Figure 7: The Intersection of Community Formation and Repeating Networks
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FIGURE 8: ECONOMICSOF TRADITIONAL SPECTRUM MODELS
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Source: E. Noam, “Commons as Enabler of Commerce,” Columbialnstitute for Tele-Information,
May 2005, p. 5.



FIGURE 9: ECONOMICSOF TRADITIONAL SPECTRUM MODELS
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Source: E. Noam, “Commons as Enabler of Commerce,” Columbia Institute for Tele-Information,
May 2005, p. 5; “P2P as a Market Catalyst,” TPRC, September 2005.



FIGURE 10: COLLABORATIVE PRODUCTION OF COMMUNICATIONSIN THE
SPECTRUM COMMONS OUTPERFORMSTHE TRADITIONAL SPECTRUM MODEL
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Figure 11: Comparison of Traditional Oligopoly and Collabor ative Production
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