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“ As arule, the most successful people in life are those who have the best information” -- Disradli

ABSTRACT: Freedom of access does not necessarily mean that information is
fredy shared. Thus universa access policies that provide only communication channels
but do not dso establish incentives for broader information sharing could widen the gap
between information “haves’ and “have-nots” This essay develops access and
collaborative network arguments through a forma theoretical model based on the idea
that an inability to explore increasingly rich opportunities for contact encourages
individuals to focus their attention on their best opportunities. This can lead to the
excluson of dternative contacts. If the character of information makes dynamic
interaction more vauable than one-way broadcast, then collaborative networks may
form among those with the best opportunities. Based on factors such as the number of
communication channels and the levels of learning and sharing that take place, the modd
rigoroudy explains how inter-agent dynamics can help the information “rich get riche”
and dso why “it's not just what you know but whom you know.” It dso suggests when
networks of collaborators are stable over time. This theoretica framework serves to
explain severd dylized events and offers severd useful ingghts into dynamic information
sharing behaviors.
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|. Introduction

The promise of the World Wide Web isworldwide access -- linking people to information without
barriers. In fact, nationd policy haslong promoted "universd" access, arguing that "as a matter of
fundamentd fairness, this nation cannot accept a divison of our people among telecommunications or
information 'haves and 'have-nots” (NTIA, 1993). In indudridized communities, the gep in technology
access continues to narrow.  As new information isincreasingly privatized (Branscombe, 1995),
however, an interesting question emerges. does access to technology promote leveing or upheava of
the information landscape? While it istrue that increases in communications and processing technology
tend to generate more information (Pool, 1983), doesit dso follow that it will be more equitably
digtributed? This essay develops a modd to smulate the behavior of collaborative information
networks, and revedls conditions under which sratification becomes a possibility. The modd dso
shows that equdity of information accessis adigtinct possibility aswell, but this result can depend on
darting from relative equaity. Under reasonable assumptions, the modd predicts that greater

connectivity can lead to greater Sratification.

This framework distinguishes between access to facts and accessto interactions that yield insgghts, and
assumes that the best ideas come from people rather than from gtatic data. If onésgod isto prevail ina
complex lega proceeding, for example, accessto agresat law library is no substitute for accessto a
great lawyer. Anaogous Stuations aso emerge in business, politics, research, and scholarship; static
information does not often replace expertise involving dynamic interaction. Communication technologies
like the Internet represent more than access to information. They have the potentid to create

opportunities to interact with others for mutua benefit.

Knowledge exchange and interaction gppear to be fundamenta to tapping expertise. A tredtise on

knowledge asserts “... we can know more than we can tell.1 ... We know a person’ sface, and can

1Emphasis appears asin the original text.
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recognize it among a thousand, indeed among a million. Y et we usudly cannot tell how we recognize a
face we know” (Polanyi, 1966, p. 4). Experts themsaves cannot cataog their complete knowledge nor
can they directly trandfer inchoate ideas. One-way broadcast of useful information would require both a
precise representation for un-formed concepts and a foreknowledge of every contingency. While
interactive two-way communication cannot remove al the barriers to knowledge transfer, it creates
opportunities for improved understanding, collaboration, and joint payoffs (Kofman & Ratliff, 1996). If
interaction cregtes the greatest benefits, the question is not who will gain access to the best libraries, but
who will gain access to the best authors, lawyers, physicists, medica researchers, etc. The availability

of these expert resourcesis limited.

Time and competitive congraints on the availability of expertsis compounded by bounded rationdity, a
limitation on human information processng capacity. Asinformation technology increases access to
information and simplifies the search for expertise, the exploson of choicesintensfiesthe need to
choosewisdly. AsHerb Simon suggests, “awedth of information creates a poverty of atention and a
need to dlocate that atention efficiently among the overabundance of information sources that might
consumeit” (Smon, 1973). The availability of fewer optionsfor actua contact than for contact

opportunities forces individuasto limit their choices.

What happens when unlimited access meets limited resources? If limits on choices gpply to experts and
non-experts aike, then under voluntary exchange private experts may choose with whom to share their
knowledge. They may share with colleagues for free, with clients for aprice, and with others only
rarely, if a dl. Those experts with the most vauable resources will typicaly expect the most
compensation in return. If returns are then provided as reciproca sharing, the information rich may

leverage their existing knowledge to secure rich information.

Information technology (IT) can therefore have the unintended and ironic consequence that as more and
more people become reachable dectronically, competition for access can drive up the price of

expertise. It can also promote commerce among widely distributed networks of experts who previoudy
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might have chosen to interact with loca colleagues. Articlesin today’ s business journas foreshadow the
future of interaction, describing the interdisciplinary collaboration of dites across internationd

boundaries (Y oung, 1995). In economics there adso gppears to be an increasing frequency of nontloca
coauthorships (Gaspar & Glaeser, 1996). If better information sources charge higher prices or have
more prior commitments, then buyers need deeper pockets or better connections to secure their
atention. At thetop, an “information €lite’” might pool and exchange the best of the Internet.

With the proposed mode of information and network interactions, this essay generates severd
interesting and policy-relevant observations. Firgt, ubiquitous access can widen preexisting gapsin
information resources if newly formed networks are stable over time. If networks start from relative
equality there is less tendency toward stability and more toward homogenization. Second, different
policies can encourage either partnering and sharing of information or isolationism and hoarding
depending on how individuds are motivated. Incentives for seeking relative advantage discourage
sharing while incentives for seeking absolute growth encourage it. Third, if information resources are
interpreted as ideas, then the information output of networks substantialy exceeds that of individuas
even if the latter are blessed with equd or greater resources initidly. The structure of contacts thus

ggnificantly dters the digtribution of information over time.

These observations suggest behaviors that are dso consstent with news reports and studies of group
interactions, including Stratification of newsgroups on the Internet (Chao, 1995), lack of information
sharing within afirm (Orlikowski, 1992), winner-take-al markets brought about by increased access
(Frank & Cook, 1995), benefits from access to quaity universities (Danid, Black & Jeffrey, 1995), and
growth through information sharing in regiona economies (Saxenian, 1994). The proposed information
sharing mechaniams thus show a high degree of congstency with other models and ahigh levd of
explanatory power across arange of contexts. With the same modd, it is possible to explore issues of
peer groups, sability, network growth and topology, and momentum effects for persons excluded from

anetwork.
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The basic arguments are presented over the next six sections. Section §2 places the mode and
assumptions in the context of related literature while 83 develops the mode and introduces parameters
for each of the key congtructs. A smple demongtration of the modd in action follows in 84, leading to
the development of atwo period mode regarding network formation and information exchange. Since
tempora dynamics introduce novel agent behaviors and network ingabilities, the model incorporates
learning and depreciation in a continuous time verson in 85. From the closed form solution to this
problem, the essay moves to afew examples and comparative gaticsin 86. Thefind section comments

on the modd’ s scope and policies bearing on the genera network and information framework in 87
before concluding with summary remarks. | |. Related Literature and Infor mation Context

Theinformation sharing model suggests that associations form among smilarly ranked agents, cdling to
mind severd studies on matching including the marriage modedl of Becker (Becker, 1973; Becker,
1974), the hospital intern modd of Roth (1984), and the worker skill level modd of Kremer (1993). In
the present context, rising access facilitates matching among networks of information peers as agents

gain the ability to communicate with one ancther.

In the network literature (Farrell & Saloner, 1985; Katz & Shapiro, 1985; Riggins, Kriebd &
Mukhopadhyay, 1994), uncertainty crestes friction, which discourages agents from switching networks
even when it could be to their advantage. Under the proposed information sharing model, a modest
amount of friction — in the form of time dday may aso keep agents from switching networks despite
potentia advantages, and thus provides an dternative form of inertia. Network efficiency and sability
principles are dso explored in Jackson (1995). Under the proposed moddl, networks become

increasingly stable as their resources become more drétified.

The modd's information transfer mechanisms dso highlight important features of winner-take-al markets
where a handful of top performers can accrue a disproportionate share of the benefits asin Frank and
Cook (1995). While broadcast markets alow al agents to gain access to the same information, the

mode demondtrates that only a handful of the best sources may be in aposition to claim benefits.
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Although information broadcast establishes equality among recipients, the pool of sources splits
completely into high demand and no demand and inequdity of opportunity prevals.

The sharing mechaniam rdies on both bounded rationdity and a property unique to information: that it
can be shared without consumption. Unlike tangible goods, such as cash or equipment, information is
“nonrivd” -- it is neither depleted nor divided when shared, and two or more agents can Smultaneoudy
consume anonriva assat without physicdly displacing one another. Information can be reproduced
amost without limit. A consultant or professor, for example, who gives advice to a colleague does not
thereby reduce her knowledge through the interaction, in fact, her understanding might even improve.
This property becomes important in explaining the dynamics of information exchange, as seen in Romer
(1986; 1990), where nonrivary leads to important macroeconomic explanations for increasing
endogenous growth through knowledge spillover among firms. Information's no loss property means
that multiple firmsin an economy (or network) can benefit from the research performed by any one of
them.

2Under the proposed model, however, agents may estimate the relative magnitude of one another’s
private information, but they may not know the actud content of that information without establishing
contact with the owner.3 A firm, for example, may know the publicly disclosed R&D expenditures of
another firm but not know precisely how these funds areinvested. Investing identical dollars does not
guarantee identica nor even quditatively equivaent knowledge and search costs may Smply be too
great rdlative to the value obtained. Thus one firm may require ajoint venture or partnership with
another firm in order to gppropriate its know-how. In thismode, agents know that more insrumenta

resources confer greater benefits and agents may be sorted on the basis of what they know.

This interpretation aso draws strong support from the network organization, joint venture, and socid
network literature (Van Alstyne, 1997; Burt, 1993; Huber, 1991; Kogut, 1988; Powell & Brantley,

2 Described by Arrow as the problem of demand determination.

3|t has been argued, for example, that scientific advancement would be much impaired if refereed journals were to
accept results and not publish the manner of their achievement (Stephan, 1996). Emphasizing methods emphasizes
the importance of an instrumental approach.
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1993; Roberts, 1980) as firms and individuas are motivated to find partners for purposes of sharing
information. Frms frequently "graft" knowledge bases by partnering because the time to derive the
requisite knowledge through experience leaves the firm with a closed window of opportunity (Huber,
1991). Attempting to appropriate the know-how by imitation can dso leave the firm with a shdlow and
imperfect underdanding. Similarly, in the sociology literature, individuals can seek to leverage their
opportunities on the basis of their own experience or "human capitd,” and on the knowledge of their
asociates or their "socid capitd” (Burt, 1993). Consultants, for example, frequently combine their own

experience with that of their business networks to ddiver on consulting projects.

In the organizationd learning literature, information resources are improved or created by linking
disparate sources, as when firms discover a shortage by juxtgposing inventory information with saes
(Huber, 1991). Information technology (Jarvenpaa & lves, 1994) and management literature aso
suggest how the benefits of pooling information can increase resource growth:

... knowledge is one of the few assets that grows most [when] shared. As one shares
knowledge with colleagues, ... not only do [they] gain information ... they usudly feed
back questions, amplifications, and modifications, which ... add further vaue for the
[sharer]. ... Sincelearning feeds knowledge back to the base, the next step (even at
the same percentage increase) will spring from a higher base and be alarger absolute
increment ... a principle embedded in ... experience curve or learning curve theories
(Quinn, 1992, p 254).

Aswith genetic dgorithms (Holland, 1992) and information genesis through the recombination of idess
(Weitzman, 1995), an agent’s stock of information provides a useful and vauable assat for generating
new ideas and information. Larger socks provide alarger basis for combining ideas. Moreover,
combining the diverse information of different agents can aso foster growth. A large body of literature
across avariety of disciplines articulates the advantages of an instrumental gpproach to information.
Firms and individuas partner for information resources and generate new ideas on the basis of direct

collaboration. Correspondingly, this dso motivates the conditions for information sharing, which the
proposed model seeksto describe.
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To maximize their information resources, agents that are poor in information but rich in other capital
could attempt to buy contacts — wedthy parents, for example, may buy their childrens educations. A
compeling advantage in one area often subgtitutes for an advantage in another. While the information
sharing modd admits the possibility of subsidized network entry through a resource exchange rate, the
focus remains on access to information and on the closing of information gaps regardles of whether
exchange rates provide opportunities for subsidy. In one sense, subsidy represents another form of
access dong with changes in technology, changes in willingness to communicate, and changesin sharing

rates. Thethird examplein a section seven offers two variations on this theme.

[1l. The Model

The basic mode represents agents, information resources, sharing, networks, and channds. A link
srength parameter aso indexes the desire of one agent to communicate with another4.  The continuous

time model adds parameters for the genesis of new information and the obsolescence of old information.

Agentsaredesignated i, j, k& | ={1, 2, ... |I[}. Each agent has accessto a private endowment of

va uable information resources g, the amount of private information available to agent i. Any public
information can be added to or subtracted from these endowments without changing the rdlative gap g -
g between any pair of agents. This focuses atention on private endowments which are assumed
heterogeneousi.e. e; ? e ? eg etc., implying that agents do not have access to the same information.
When the time is introduced,g (t) will refer to i’ s resources as afunction of time. All agents have afinite
number of channels, C, which they may use to access the endowments of other agents. Limiting the
number of channels proxies physica, tempora, or cognitive capacity condraints. In addition, the reach

or access parameter A describes technologica access to other agents. If accessis limited, agents may
1A

only reach near geographic neighbors chosen as a fraction of the populaion ||, but if accessis
universal, agents may reach dl other agentsin |. Given cagpacity congtraint C, however, increasing

4A glossary of symbolsisincluded at the end of thisarticle.
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access implies that agents can actudly communicate with a most max<A,C> of the reachable agents at
any pointintime.

Agents may share information with one another but they need not share everything a once, instead
reveding their private information according to asharing® parameter s a [0, 1]. Thusif agent i shares
with j, then | gains access to s g but Sncei may share information without loss, g is not reduced. The

no loss property captures the “nonriva” behavior of informetion.®

Agentsin the model maximize a sandard concave utility function u(e), with u>0 and u"<0 by attempting
to network with other agents having rich information endowments.” In private and voluntary exchange,
one agent may aso refuse contact with another offering too little reciproca value. Let alink parameter
Lji & [0, 1] index agent j’ s desire to communicete with agent i.8 Then define the “network” of i, n(i), as
the collection of agents with whom agent i has contact:

n@) + {i» j,j : LjjLji > G}

A link index of zero impliesthat j has vetoed dl communication with i, thus both agents must be willing

to communicate, Lj; > 0 and L > O, for achannel to provide either agent access to the other’'s
information. A completely open channel requires that Li=L;;=1. For agent i, communication with
everyoneimpliestha " i andj, links Ljj = 1, that i hasat least (|I] - 1) channels, and that n(i) =1 = {1, 2,
.. I} Ingenerd, however, for C < | the members of i’s network form only a subset of dl agents,

those who share amutud willingness to communicate with 1.

Using these concepts, define an information “ eliteness’ relation to mean agents who have greater access
to resources through their own private endowment and through those resources separately held by their

asociates. Formdly, i isat least asditeasj if and only if i’stota resource accessis at least as great:

SAlternatively, this can be viewed as measure of “secrecy” equal to (1-s).
6This framework still permits the modeling of relative changes aswhen i losesiin strategic advantage relative toj.

"Concavity is not necessary for the principal results as a convex utility function strengthens the attrativeness of
agents with more resources.

8Agents are assumed to have access to their own resources thus L = 1 throughout.
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IE] +R(i,t,1) =R(, t, 1) whereR(i,t,I) + g(t) +s l Lik Lkj ex(t)
k?i

R(, t, 1) thus designates the total resources of i a timet, inclusive of private and shared resources.

Since the argument | carries across dl agents, the third argument will be suppressed. The condtituents
of R(i, t) have notable paralels with economic and sociologica concepts, namey human capitd and
socid capitd (Burt, 1993). Human capitd, in this case g(t), refersto individua resources, for example
knowledge, education, and experience, whereas socid capitd, here s k§i LikLkie(), refersto the vaue
an agent captures through his or her connectionsto other people, for example, a contact’ s knowledge of
emerging problems and opportunities. For clarity, it is often convenient to write e;(t) as shorthand for

the total endowment of al agentsini’s network of contacts not including i which would otherwise be
S

written less succinctly as it nd), j°i (). Withinthisframework, the generd model assumes:

(1) (Bounded Rationality) — Agents cannot communicate with everyone a once;
channels per agent C are finite and fewer in number than the population, C<1 - 1.

(2) (Initial Inequality) — Endowments are randomly distributed on (0) & (0, K]
whereK isin —* giving positive support.

(3) (Nonrivalry) — Information is not logt in sharing; if j sharesfraction s a [0, 1] withii
then i's resources increase by g(t+Dt) = g(t) + s g(t) but, in the absence of other
effects, g(t+Dt) = g(t).

(4) (Learning and Depreciation) — Agents may generate new ideas and information on
the basis of information to which they have access, i.e. there exists production
technology F (i,t, 1) =1 [&(t) + S 'Ljx Ly &(t)] wherel & —*. Agentsmay also

k?i

forget information with time or it may become obsolete at a depreciation rate d & [0, 1].

The first assumption guarantees that an agent cannot contact every other agent in any single period; thus
it represents the necessary limitations on attention, physical capacity, or time. If agents cannot
communicate with everyone at once, this forces them to make choices regarding with whome to
communicete. It describes the case where everyone has the same technology and is fairly conservative

since dlowing richer agents more channels would strengthen a conclusion that the rich get richer, an
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advantage which is unnecessary in proving the main result. Uniformity of channels dso more accurately
reflects a broader interpretation of “universa access’ in which everyone is granted access to the same
communications technology. The second assumption Smply asserts that agents do not start out with
level resources. Agents may have smilar channds, but they have heterogeneous information. The third
assumption implies that agents can share informetion without losing it themsdves. This assumption
characterizes low cost duplication and ill dlows the modd to acount for the possibility that j losesin
drategic advantage relaivetoi -- aphenomenon modeed explicitly in Propostion Three. Assuming
that information is nonriva dso implies that once agents have shared information, they cannot effectively
pull it back from recipients. With respect to the third assumption, it will often be convenient to refer to

s asashaing parameter in contrast to the learning parameter | .

The fourth assumption furnishes a mechanism for information to enter and exit the sysem. More

precisaly, agents may improve their resourcesin proportion to the resources to which they have or can

gain access. Thus production inputs involve both private endowments g(t) and shared endowmentss e.
i(t) or both human and socid capitd in the terms of sociology (Burt, 1993). Since F '(g(t)) > 0,
securing partners with more resources cregtes an opportunity for an agent to learn more. It also marks
more expert agents as more attractive partners. The depreciation term d alows the modd to account
for the possble obsolescence of datic information.  Although this formulation implements a pecific
functiond form for ease of modeling, Proposition 5 shows that other quite generd forms do not

necessxily dter the main results.

For the key propogitions, asmple two period andys's suffices to make the point that freedom of
contact does not mean information is fredy shared. These arguments are based on only the firgt three
assumptions. For the more involved tability propositions, the modd functions in continuous time after

taking account of assumption four.
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V. An lllustration

For illugtrative purposes, we now consider the choices and network behaviors in the specific case of
100 agents and 4 communication channds per agent sarting in period zero with no network
connections. Without loss of generdity, we number the agents, sorting them on the basis of thelr
endowments. The richest endowment corresponds to rank one and the smallest to rank 100, thus agent
i has moreinformation than j for i closer toone.  All agents prefer to communicate with the first agent
snce u(e)) > u(ey) ... > u(eygp). Since agent 1 only has C channels and because he has veto power, he
chooses only to communicate with agents 2 through C+1 = 5 whaose shared resources offer the grestest
return. Agent 2, having C-1 channels remaining, chooses the next best agents 3 through 5. With one
fewer channds ill, agent 3 repesats this process, choosing agents 4 and 5. The first network therefore
contains only agents 1 through 5. Asthe firg five agents are now unavailable, agent 6 becomesthe
mogt atractive partner. Filling dl channels for the next four most attractive candidates congtitutes the
second network inclusive of agents 6 through 10 or C+2 to 2C + 2. This process repests for agents
2C + 310 3C + 3. Networks one through twenty® emerge:

1 5 96
a@z 1@@7 10@7
43 9 8

99 98
Figure 1 -- Given limited channels, agents form exclusve networks

Prior to network formation, the fifth agent is as dlite as afterwards -- no one has changed rank on the
basis of newly shared resources. The gap between the fifth and sixth agents, however, hasincreased
fromes - g5 t0

&-6ts[(erteytegtey- (e7+egteyte)

91 1/(C+1) is not an integer, the final network isincomplete.
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ance the fifth agent has contacted richer endowments.  Although the gap between agents five and six
increases with network formation, note that the gap between agents four and five, as given by (e, -

es)(1- s), diminishesfor any s above complete secrecy. Other members of their joint network are the
same. Also, even though the instrumental framework permits agents to be sorted, agents need not agree
completey on the precise ordering. Agents need only agree on the relative tiers for identica networks
to form and, to afirgt gpproximation, even mild disagreement on tiers preserves the basic result of

convergence within networks and separation among them.

The exampleilludrates intuitive results which we now make explicit. Each agent, acting in his own sdf

interest, pursues astrategy of maximizing his resource contacts. Agent i seeks to access endowments g

by sdlecting high vaues for Ljj according tot0:

| ~
Q : L.,L,1[0,1
max u(@ L Lyse;) such that In()|£ C+1and “i’ =i [0.1]
i ji

The share of other agents' endowmentsthat i can accessisgivenby s Lji g for any partner j. Since
agents participate in their own network, here |n(i)| = C+1 preventsi from using more than C available
channels. In solving for the strategies of network agents, the following formulas will prove useful in
making assertions about agent and network rank. The function f(i) designates the rank of the network

joined by agent i wheref(i) < f(j) implies R(i, t) > R(j, t) Sncei participates in a higher rank network.

fye - Layg
ec+1u

This returns the integer portion of the quotient. Conversdy, we can define the inverse function g(n) to
givetherank of thefirg agent!! from network n. Thelast agent in anetwork can then be determined by
computing g(n) + C. Thisfunction is defined as:

lg(n) ° (C +D(n- 1) +1]

10An alternative formulation of the objective function is described in Proposition 3.
11Thisisnot atrue inverse in the sense that the mapping is not one-to-one.



Information Elite 14

Using the functions to claim, for example, that the first agent of a network has greater resource access
than the last we write R(g(n), t) > R(g(n)+C, t). Given any arbitrary agent, the most €lite member of his
network may be written as g(f(i)) or equivdently ast2 min[n(i)]. Thustwo agentsi, j where i have the
same network rank if and only if f(i) =f(j). When this condition holds, some common information will
be shared between them since agentsi and j clearly share thisinformation, s  and s g, with themsdlves
Thisistrue of &l the members of n(i); thus there exists a common resource pool zyj) where" j & n(i), |
receives zy) = "TS”(‘) S€ . With appropriate subscripts for the first through last agents of i’s network
this would be represented as s €1y + €pf(iy+1t -+ Epf(i)+c) Which issmplified to s e,;). Whenitis
obviousi belongs to network n, the additiona notation is suppressed and pooled resources are written
amply asz, = s(e;+ e+ ... €cyq)

V. A Two Period Mod€

In the basic mode, agents start with no connections in period zero, corresponding to no technological
access. They choose partners, in any order, then share information in period two. Agents are freeto
associate voluntarily in the sense that they may choose the best partnership option available and
potentid partners have veto power. Intuitively, then, an agent i chooses the C best options from the

menu of valuesin s gL, withj=1, 2, ... -1, i+1, ...[I|. Thischoice givesriseto:

Proposition 1.A (Principle of Growing Network Inequality ): Utility maximization in voluntary
networks increases the resources of theinformation ditei.e.” i <jinperiod 1, R(i, 1) - R(, 1) = R(i,
0) - R(j, 0). Thefollowing strategy isaNash equilibrium:
sratey (i) 1L =1 f@)2 £t o
r )= : .
V=L =0 fi)<fG) P

implying that agents prefer to communicate with other agents having equd or greater endowments than
those in network f(i).

Proof: The proofs are provided in Appendix A.

12 Ithough max[n(i)] might seem more intuitive, the fact that |I|/(C+1) is not always an integer makes equations using
areverseordering |l]. I|-1, ... 2, 1 unwieldy. It ispreferableto think of the top agent as 1, the second best as 2, etc.
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Proposition 1.B (Principle of Growing Equality Within Networks): Preexidting differencesin
resource access among agentsin the same network decrease. That isfor f(i) = f(j), R(I, 1) - R(j, 1) =
R(, 0) - R(j, 0).

Intuitively, agents aspire to their best partnerships and the best partners choose one another. The
problem characterized by Proposition 1 make popular news. A handful of eectronic groups have
become privatized with membership and participation limited “to people with vauable knowledge”’
(Chao, 1995, p. B1). Similarly, the newsgroup sci.physics

... Ishome to amishmash of physcists, well-meaning amateurs, and flat out cranks. Theresult is
sometimesinterestingly eclectic, but the process [of interaction] often leads to acrimony, as the cranks
drown the newsgroup in tirades about time travel, expertstry to stem errors and misconception --
eventualy admitting defeat and retreating to smaler, more specidized newsgroups or invited e-mail lids
(Steinberg, 1994, p. 27)

The effects of Propositions 1A and 1B have also been observed in business practice. In afive year
study of US, European, and Japanese joint ventures, Hamel, Doz and Prahalad found that: “A drategic
dliance can strengthen both companies againg outsiders even asit weakens one partner vis-a-vis
another” (1989, p.133). By sharing information, companies improve their total resources yet reduce the
gap between them. Interpreting universal access as broadcadt, information technology can potentialy
level access to information by offering everyone access to identica information. Globaly broadcasting a
private resource reduces the gap between haves and have-nots whenever one group of agents
previoudy enjoyed access denied to others. Thisislikely to represent the most sgnificant gains from
universal access, dthough it can aso depend on motivating private owners to share their sources of

private advantage.

Publicly broadcasting new resources, however, tends to raise the resource level for everyone rather
than closing the gap between top and bottom. The ratio improves but the gap remains unaffected. In
addition, two other factors can mitigate the benefits of broadcadt: it can actudly concentrate the

opportunities for partnering among the dite and not al information can be broadcast.
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Broadcast lifts the digtribution congtraint on the best sources of information so that they might possibly
serve the entire population. Although universal broadcast grants everyone access to the best resources,
it subtly and smultaneoudy reduces the opportunity of al but the éite to trade on the basis of these

resources. Thisleads to the following proposition.

Propostion 2 (Winners-Take-All Effect of Increased Access): Given acapacity condraint C << |l,
increasing access raises the probability that more elite agents become more attractive sources. It can
a0 lower the probability that less dite agents remain attractive sources. More precisdly, let B represent
the event that j is an attractive source indicating that other agents prefer to contact j. Then, p(B |j = C)
->landp(B|j>C)->0as A ->1I.

The proof uses a combinatoric argument to show that as access increases, the likelihood of the first C
agents gppearing in any other agent’ stop C choices will approach one, while for any agent higher than
C the likelihood approaches zero. Plotting the equations that define these reationships dso gives a

more direct impression of what happens to attractiveness as access improves. Figure 2 plots the case

of |I| =25 and C = 5 and shows the probability that an agent gppearsin the first C choices of any other
agen.

0.
Prn:-babilit%r.

=]
N

Figure 2 -- Increasing access benefits everyone until the capacity congtraint binds; then thetop C
agents benefit most.

The“winners-take-al” effect of increasing access becomes gpparent when the last row, with access at
25, shows that no agent ranked higher than C is an attractive source rdlative to the first C agents. Al
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probabilitiesin thisrow are either 0 or 1. The only way to mitigate this effect isto aso boost C as A-
>|; that isto lift the cgpacity or bounded rationdity congtraint that prevents agents from communicating

with the entire population.

We can use a Herfindahl index, 13 to illustrate the rising concentration of opportunity among dites with
changesin access. Here, we ask what is the concentration of suppliers of information? At any given
instant, each agent seeks C suppliers and there are ||| agents, thus there are CE ||| units of demand for
contact. Prior to universal access, dl agents are interested in their neighbors resources, thus each agent
has a demand of roughly C. The concentration index of opportunities for contact is therefore

2
H:é ! (—C) :# :|T1| . Following universa acccess, broadcast permits each of the top C agentsto

ol
serve the entire population |. No one el se has any market share. The concentration of contact

L |
opportunitiesrisesto H = § f(Cl | : I
X

2
) = % = % . By assumption, bounded rationdlity forces C << ||,

" 1 1 :
so that opportunities are vastly more concentrated among the dlite (¢ >> I ) under universal access.

Figure 2 shows that the attractiveness of reaching any agent a dl increases with improving access until
the capacity congraint limits the number of Smultaneous contacts. As the capacity congtraint binds,
darting at Access = Capacity = 5, the least well off are thefirst to be adversely affected. Then, as
access continues to improve, the information “middlie class’ eventudly become affected by the capacity
congraint. Inthe end, only the most elite agents face postive prospects. To illustrate this phenomenon,
Frank and Cook (1995) cite a Vonnegut nove in which alocd musician stops playing as his cusomers
gan accessto a broader sdlection of mudcians. “A moderatdly gifted person who would have been a
community treasure a thousand years ago has to give up, to go into some other line of work, since

modern communication has put him in daily competition with nothing but the world's champions’ (p. 1).

13This measures market share concentration among firms within an industry. Letaj be the market share of firmi and

2
measure H as & a; . ThenH & (0,1], it decreases in the number of firms that have positive market share, it

approaches its minimimum when each firm has equal market share, and it reaches it maximum when one firm hasthe
entire market [Tirole, 1990 #321].



Information Elite 18

Broadcast permits everyone access to the same information. Everyone may watch the game, but only
the dite have a chance to play for aliving.

The entertainment andogy highlights the second mitigating factor that not dl information can be
broadcast. As Polanyi's epistemological observations suggest, access to tacit expertiseis feasble only
through direct mediation on the part of the expert. Then, assuming it were possible to render dl
information explicit and accessble, an expert might gill be more efficient. With expert counsd, for
example, a person could sort through 22° possible results in only 20 yes/no questions (i.e. < 25).
Unstructured search would require an average of (1/2)2%° queriesto locate the same result or 21°, that is
24 times mor e search effort. The best attorney can not serve at court proceedings for each member of
apopulation viaone-way broadcast. Interaction and two-way communication create opportunities for
improved understanding, collaboration, and joint payoffs (Kofman & Ratliff, 1996).

The reaults of Propositions One and Two rest on the assumption that agents maximize their absolute
resources. Shifting to the maximization of relative resources alows us to explore what happens when
agents seek drategic advantage -- that is, to improve ther pogtion vis-a-vis other agents. We mode
this as an agent deriving utility from the gap in resources g - . With u' > O, agents prefer to grow any
advantage g > g and shrink any disadvantage g < . Thus, pursuing strategic advantage leads to

Propostion 3 (Information Climber Effect ): If agents maximize relative assetsin lieu of absolute
ass, information sharing hdts. That is, the following strategy4 becomes a Nash equilibrium:

L=l j<ig
drategy (i) = | .Y
egy (1) 1L,=0 j>if

Likea“socid climber,” an agent who employs ardative vaue strategy prefersto partner only with
agents whom they perceive to have a higher rank. The intuition underlying the result that agents stop
sharing isthat agents at the top have a disincentive to share since it reduces their advantage a timet + 1

from the advantage they enjoyed at timet. Asthis behavior cascades down from more elite agents, a

14Given that Ljj only takes values of zero or onein both absolute and relative strategies, it is suppressed in further
discussions.
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system which rewards the seeking of relaive advantage prevents information sharing. A study of
groupware introduced into a consulting firm observed this phenomenon (Orlikowski, 1992). Ina
competitive up-or-out amaosphere, consultants below the leve of principa would vie for alimited
number of promotions partly on the basis of individua competency. Reveding a unique source of
expertise risks shrinking any relative advantage over less qudified candidates or growing the advantage
of more qudified candidates if the beneficiary does not respond with at least as much vauable

information.

Ironicaly, the same firm provides evidence of both absolute and relative objective functions in different
contexts. At thefirm’'shighest leve, principas enjoy permanent tenure and focus more on absolute
rather than relative maximization. Among principas, collegidity and information sharing prevail.
Different incentives and behavior indicate the existence of thelir separate agendas. Consultants “fed little
incentive to share their ideas for fear that they may lose status, power, and distinctive competence.
Principas, on the other hand, do not share this fear and are more focused on the interests of ... the firm
than on ther individua careers (Orlikowski, 1992, p. 367).” Given that sharing hdts with ardative

objective function, subsequent propositions return to the assumption of absolute maximization.

V1. A Continuous Time M odéel

A continuous time modd introduces dynamic behaviors for agents seeking to maximize their resources.
Under certain conditions, for example, agents may gain dl of their partners' private informetion, then
prefer instead to form tree structurest> or to dternate among different partnerships. If, for example,
there were no learning and agents were to share everything, then partner hopping becomes optimal each
period since dl possble sharing has taken place. On the other hand, in an enviornment of no sharing but
high learning, agents might form no connections a al. Findly, in an environment of high depreciation,
gtocks of information become obsolete leading to stable networks among partners with high learning
rates. This section examines factors leading to network growth and stability.

15We thank an anonymous reviewer for an example in which each agent prefers to connect to agents that are not yet
connected.
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To increase dynamic fidelity, the continuous time mode incorporates learning parameter | , dlowing new

information to enter the system, and depreciation parameter d, dlowing obsolete information to exit the

system. Tota resources might therefore grow as afunction of private learning | g(t), sharing from

partners s e(t), learning from shared information | s e;(t), and from depreciation -de(t). A more

complete equation for resource growth might therefore be
e;(t) =le(t)- de(t)+se (t)+Ise (t)-dse ()

This description, however, permits resources to be reshared. A partner who shares s g(t) in period t
receives back shares s 2g(t) in period t+1. A pooled resource term zy(t) = s[ey(t)+ ex(t)+ ... €c.y ()]
= se,(t) can be introduced to diminate this double counting. The more accurate formulation shifts
partner-shared resources s e;(t) to z,(t) aswel as shifting s g(t) to z,(t). Agentsthen learn from z(t),
but do not reshare the same resources. Accounting for pooling generates aternate continuous time

functions.
elt]= (I - s - d)eft]+1z[t]
Zt] = s [e[t] + ,[t] + ..e.,.[t]] - dz,[1]

Accounting for the transfer of private resources s g(t) from the first equation to the second does not
adter the nonrival assumption. Agent i retains full accessto resources R(i, t) = g(t) + z,(t). Individudly,

agents have less private information but gain access to al resources shared into the pool. The pooled

resource term aso preserves the interpretation of g(t) asadtrictly private resource. For accounting

purposes, this merdly diminates resharing of the same resource. The preceding equations then define a
system of ordinary differentid equations.

Lemma 4 -- The system of ordinary differentid equations have a closed form solution

1 e —tz(l-s-2d+r) %(I-s-2d-r)('jl‘l
+—c¢(l -s +r)E -( -s-r)E +(
2I’é a0

s € s
d) + en(O) - Et(l d)

(I
a() =g(0E ce1®

for private resources and
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Se(o)e (I—s-2d+r) é(l—s—Zd—r)lZl
- E ﬂ

A

é 0]

z,(t) =

for pooled resources, wherer = \/(I ts)’+4cls smplifiesthe terms under aradica.1® The
pooled resources z,(t) depend on s > 0 yet they strongly influence the growth in private resources g(t)
as represented by the fina two exponentia terms. The larger of these two exponents, (I - s - d +r1)/2,
tendsto be larger than the exponent on the initid privateterm, (I - s - d). The former gpproximates
the group contribution to private growth while the latter approximates the private gains achieved by
individuas. In the absence of sharing, individua growth would be limited to g(0) EI h . Thisindividud
contribution to one's own private growth can be quite smdl since the individud terms cancel in the sum

of the C+1 members private resources.

=(l-s -2d+r) i(l-s-zd-r)d
el %0 e e et

&M= Crnar g p

This solution exhibits severd interesting properties. Assuming no depreciation, for example, afour agent
network with initial endowments{e;(0), e,(0), e5(0), €,(0)},| =0, and s = 1 has resources that

behave according to

B = €e,(0) +e,(0 0) +e,(0)l&. U
et)=e@E a0 63 T&0) el re Oy 0

Thisimpliesthat al private resources enter a common pool but the network's total resources never
increese. Similarly, if | =1, and s = 0, then the private and pooled resources behave according to
e(t) = e(0)E and 1) =0

implying that agents gain new resources entirdy through independent learning. The first example leads

to a question of when networks remain sable. Thisis given by atest for stability.

16From the fact that| . s, and c = 0, it follows that r = 0. The relative magnitudes also ensurethat (I -s +r)=0and (I
-s-1) =0, inequalities that will prove important for subsequent derivations.
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Propostion 4 (Convergence and Sability Conditions) -- For any two agents i and j,
& (t)/g(t) -> €n)(0)/en()(0) subject to the condition

[(en - e, ) -s -r)-2s (c+1)en+1]
[(en - e )l -s +r1)- 2s (c+1)en+1]_

Etr <

If resources grow and networks are stable, it dso follows that if f(i) = f(j), then g(t)/g(t) -> 1 whereas
for f(i) <f(j) then g(t)/g(t) -> K > Land &(t) - g(t) -> 8.

Networks passing below the threshold will reconfigurel” Each parameter in the test is positive thus dll
termsin parentheses are positive with the exception of (I - s - r) which is aways non-pogtive.
Therefore, the numerator must be negative. Since BB must be postive, the test 's feasibility hinges on
aso having a negative denominator or (e, - en+1)(I - s +1) <2s(ct+l)en+1. Dividing through by a
negative denominator aso switches the sense of the inequdity so that B must grow larger than the
cutoff rather than samdler. Time never appears on the RHS so the test must either fal anegetive
threshold immediately or eventually pass any positive threshold. If the test fails, networks are
permanently stable. If the test will pass, the optima time for reconfiguring the network can be found by
taking logs. The following table lists stability implications of Proposition 4.

Condition Timeto Description
Instability
€ -> €1 0 In apopulation of peers, agent networks do not dratify.
€, >> €41 Never If initia conditions are widely divergent, networks
permanently sratify and endowments separate further
with time.
c->8 0 Increasing the number of connections makes it more likely
that networks will reconfigure with new agents.
s->0 Never In lower sharing environments, networks will be more
stable.
| ->0 €, + Cent1 In lower learning environments, seeking new sources for
€hi1 + CO41 new information eventualy becomes optima.
| ->8 Never High learning rates make networks permanently stable.

17The condition is astrong test in the sense that networks below the threshold will always reconfigure while
networks near the threshold will usually (but not always) not reconfigure.
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Proposition 4 combines the properties of Propositions 1.A and 1.B with an additiond test for
whether partnershipsremain stable. If they are stable, the gap in intra- network resources shrinks while
the gap in inter-network resources grows. The ingtability condition assumes no cost to dissolving the
existing network (extrication costs, cancdlation fees, contracting pendties, etc.) and no cost to
brokering a new network (search cogts, negotiation costs, startup fees, etc.). Adding ether type of cost

increases the gability of prevalling connections.

One unusud property isthat d does not gppear in the test. Technicaly, d only gppears dong the main
diagond of the square matrix of resource change rates, thus it does not influence the eigenvectors of the
solution. Moreintuitively, d affects al resource stocks equaly. The key factor, resource growth,
depends on theinterplay of learning | , sharing s, and network size C, which are captured in the test for
gability. Of these, learning is the most important and low learning rates do, in fact, lead networks to
dissolve as the table suggests. Under one interpretation, higher d may be seen asinducing lower | -- an

effect that is already captured.

Although the formulation uses alinear production or learning function, |  (Assumption 4), to smplify the
modd, the key results do not depend on this particular formulation. A concave but positive growth
production technology will yidd amilar results in the sense that resources will increase a an increasing
rae. Asin Romer (1990), the driving force isthe nonriva property of information goods. Thisleadsto
the following observation:

Propostion 5 -- (Principle of Convex Growth) Let F (x) be any concave production technology
suchthat F'>0and F " < 0i.e output increases with input but exhibits decreasing returnsto scae.
Assume aso that F (x) > 0 sothat F does not produce negative output. Let Y (t | €0)) bethe
information state describing the available information when F is the production technology. Then 'Y can
be a convex function of timewith both Y'>0and Y " > 0. Since concave technology is the most
difficult such case, a fortiori, any positive growth production technology F aso gives to aconvex
information date Y regardless of its convexity properties.

Thisimplies that even with a decreasing returns to scae production technology, the available information
exhibits increasing returns to scale over time. Of coursg, if the production technology exhibited
increasing returns to scae this effect might be larger till. Thusthe implications of Proposition 4
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regarding network separation do not depend on the particular formulation of the model we have chosen
to adopt. Our key result, that of increased dratification, is robust to aternative formulations meeting the
criteria put forth in Propogtion 5. In fact, if one tracksinformation over time, crude measures of growth
patterns match the convexity properties suggested above rather well. Growth in communications across
different media exhibits this pattern (Poal, 1983). A logarithmic plot of volumes a major research
libraries (Cummings, Witte, Bowen, Lazarus & Eckman, 1992) represents another example. The

growth rate has been rdatively congtant despite financid limitations on physicd acquisitions.

10,000,000 T T T T

1,000,000
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Figure 3 -- Growth in volumes at private research libraries has exhibited convex growth for most of the
20th century.

A further implication of this result is that borrowing to enrich a poor endowment becomes more difficult
when information resources are important. Under norma circumstances, a concave production
technology alows someone sarting lower on the output curve to produce a amargindly higher rate
evenif thair tota output issmaller. The same increment to scale crestes more vaue lower on the curve,
thus investment borrowing ought to be rdatively easier snce lenders might also earn more. These
positions are reversed, however, if resources exhibit increasing returns to scale -- agents higher on the
curve face better invesment progpects. Thismakes an initid disadvantage more difficult to overcome,

further concentrating resources at the top.



Information Elite 25

VIl. Examples & Comparative Statics

Changesin initid endowments, learning rates, and sharing rates can lead to large differences in network
membership and growth over time. The following examples present the effects of changesin the vaues

of the private and pooled resource formulas.
A.l. Example: Initial Conditions I nfluence Stratification

Under expanded access, widely heterogeneous initid conditions can lead to growing stratification. Let
there be universal accessin a population of 1 = {40, 30, 20, 10,4, 3,2, 1},withC=3,and|l =s =d
=1/2. Thene,-1(0) = 100 and e,-,(0) = 10 with growth characterized by

-t/2 e (0)é -2 1 t/2 -3t/2 2
e(t)=e(0)E  +-—~LC g T, F T g 7ol
(1) = €(0) e >3 g

B en(O) &2 -3/2
Zn(t) = 4 éE - E

QO

The highest growth privatetermis 8 and the highest growth pooled termis 4

100 t/ 2
—E t/2

Members of network one therefore have private growth on the order of 8 =125E whereas

11
t/2

members of network two have combined private and pooled growth on the order of 10(8 +4 )E =
t/2

3.75E . Accounting for both types of resource, members of network one do not find it optimd to

forge links to members of network two in subsequent periods.

Prior to universa access, networks might till include members with heterogeneousiinitid endowments if
endowments were dispersed and networks were physically separated. In this example, the expected

endowments of two arbitraily chosen and separated networks would both be e,(0) = 55. Partnerships
would then form among geographic neighbors, rather than endowment neighbors. If initia endowments
are homogeneous, then expanding access can lead to more diverse contacts that change over time but if

they are heterogeneous then expanding access can lead to further dtratification. This supprtsthe generd
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claim that expanded access does not dways lead to amore equa distribution of resources or to greater

sharing. Equality of information accessis dso contingent on closing the initid gap.

If dl agents had equivaent endowments, connections would not become exclusve. Even if networks
were to form, the test for ingtability in Proposition 4 would give €,(0) - €,+1(0) = 0 with atrangtion time
of zero for new connections. Thusthe initid conditions strongly influence the shape of subsequent
communication. The network stability condition dso hdpsto reinforce the initid assumptions of the
modd regarding instrumenta sorting of agent endowments. If endowments are reatively close, the
modd shows that networks are endogenoudy ungtable and thus any confusion over sorting order has
little effect on subsequent behavior; it only delays one or another resource interaction. On the other
hand, if endowments are not close, the gap endogenoudy determines the choice of partners and the
growing separation thet follows. Strongly heterogeneous endowments, however, are unlikdy to be
confused.

A.2. Example: Principle of Collective Fortunes

Networks benefit from increased sharing among partners and a network can sometimes overcome a
learning rate disadvantage with a sharing rate advantage. Prior to universal access, |et search costs,
contracting delays, or barriers to integration separate the independent networks of i and i* and let each
network have identical resources and connections, i.e. for each member j & n(i), $ j' & n(i’) with g(0) =
g(0). Then$ ' <l and$ s’ >s suchthat e(t) > g(t) ast-> 8 and similarly for other members of

both networks. Thusa fortiori with| ' =1, resources are dways greater when s' > s,

Forillugtration, let| =s =d =1/7 and C = 3. Then thetotd private resources of network n(i) grow

according to

€, (0) ia:Ew N E—3t/7--

en(i) (t) = 8 e

(Ne)

For thenetwork of i", set| '=1/8,s'=3/4,d'=d andC' =C. Thenclearly | '<| ands'>s but the

total private resources grow according to
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€ (0 3 13t/56 8 -8t/56 4
n(|)( )&_ + 2 E o)

e, (1) = : .
o (1) 4 €1 11 2

Since, for the larger exponent 13/56 > 1/7 = 8/56, the second network will grow faster ast becomes
largedthough | ' <| providesan initid advantage to the first network. This might also be used to judtify
investments in information technology, which could increase the intringc sharing rates of groups. This
example dso illugtrates a second advantage from direct sharing: groups can achieve growth potentia
that individuas cannot and the output of information collaborators sgnifantly exceeds that of information
soloigs. Inthefirgt network, | = d implying that, in the aosence of sharing, tota resources could not
increase. In the second network, | * < d' so that in the absence of sharing tota resources would actualy

decline. Moreover, trandfering al resources to the same agent would aso fail to achieve substantialy
I -d
grester output. In the absence of anetwork, s = 0 and private resources grow accordingtog(0) E .

Trandfering agroup’sinitia resources would result in €y(0) EI K implying thet for | < d, resources
decay over time. Thus collective information growth is not merely the sum of individua private growth;
callective sharing fundamentaly aters the pattern of outcomesin the context of a nonriva resource.
Thismodd might serve, in part, to explain why the information resources of knowledge workers are
difficult to separate from the workers. In thismodel, the loss of partners resultsin aloss of output so
that dternatives that merely congder atransfer of assat ownership might fail to account for reductionsin
output with reductions in staffing.

A.3. Example: It'snot just what you know but whom you know

Association with high or low vaue networks provides evidence of thiswel known folk maxim. Define

an “unqudified” agent i relaive to network n as one which has poorer resources than the first agent in
the next lower ranking network or g < eyn+1). Also, define an “overqudified” agent as one which has

richer resources than the |ast agert of the next higher network or g > €y,.1)+c. Correspondingly, a
qualified agent relative to network nis one such that i’ s private endowment fals between the boundaries

established by the top and bottom of the surrounding lower and higher networks respectively, that is
Ey(n-1)+C > € > Eyn+1)- Thenitispossibleto show formaly that over time an uqualified agent can
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become qudified and dso that an overqualified agent can become qudified since resources converge by
Proposition 4.

For a specific example, let there be two separated populations prior to universal access with | = {{40,
30, 20, 1},{10,4, 3,2}},C=3,and| =s =d =1/2. These parametersyield growth equations
amilar to those of the first example with e,-1(0) = 91 and e,-,(0) = 19. Initidly, agent eight with e5(0) =
1 isunderqudified for his network and agent four with e,(0) = 10 isoverqudified for her network. If
universal access were to gppear after 10 periods, agents might not swap networks and no new
interaction necessarily occurs. The private resources of agent eight are roughly e;(10) = 1688.05 while
those of agent four are only e,(10) = 352.52. Combined with pooled resources, agent four has only
R(4, 10) = €4(10) + z,4(10) = 1057.48, well below the private resources of agent eight. The effective

time zero ordering has been substantiadly atered by access (or denied access) to different endowments.

Despite mismatched qudifications at time zero and the implication that agents are not with their network
peers, no party prefersto behave differently. If anetwork were to rgject an unqudified candidate
meeting the conditions of the proposition in hopes of luring the qudified agent with the introduction of
access 10 periods later, the members would have forgone the contributions of agent eight during this
time while falling to get amore qualified candidate once the time had passed. Here, agent eight is
underqudified initidly but qudified intheend. Smilarly, if an overquaified agent were to forego the less
atractive network meeting the stated conditions, she would have lost the vaue of the shared pool and
found hersdf less qudified after the time had dapsed. Here, agent four is overqudified initidly but
qudified in theend. Examplethreeyiddsakind of inertiain the sense that early membership or norn+
membership in the dite can be sdf perpetuating regardiess of initid endowment.

An dternate interpretation prevailsif agent eéight were poor in information but rich in other resources. If
it were possible to subsdize partnership for sufficiently long, an unqudified agent might become qudified
by buying access to an information rich network athough possibly at the expense of displacing an
otherwise quaified agent. The subsidy creates an externdity by bumping another agent. The same
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formulation shows, however, that if the diolaced agent moves to a network with roughly equivalent

resources then the ingtability condition suggests that the externdity is minima; contact with these
resources is delayed rather than eiminated. Example one showed this effect for €,(0) - e,,1(0) -> 0.

More generdly, these results confirm Proposition 4. By period 10, the private resources of the richest
agent, which were g;(0) = 40, are now e;(10) = 1688.32 while those of the poorest agent (now agent

7) were e;(0) = 2 and are now e,(10) = 352.46. Agents one and eight, who are part of the same
network, have aratio e;(10)/ eg(10) @ 1.00 which is converging to 91/91 while agents one and seven,

who are not part of the same network, have aratio e;(10)/ e,(10) @ 4.79 which is converging to

91/19.

B. Casesand Real World Applications

A case study comparing regiona economies, in particular, illustrates the benefit of increased sharing.
Beginning in 1975, Cdifornid s Silicon Vdley and Massachusatts Route 128 region employed roughly
the same number of people but over the next fifteen years Slicon Vdley generated three times as many
net new technology jobs (Saxenian, 1994). Moreover, between 1986 and 1990, the market vaue of
the Silicon Vdley firmsincreased by more than $25 billion as compared to $1 billion dong Route 128.
Saxenian argues that information sharing and collaboration account for most of this difference, with three
factors emerging as explanatory varidbles. Firgt, ahigher level of vertica integration in New England
firms reduced information transfers between markets and business units. Second, more defense funding
led to a premium on secret research which could not be shared. Third, engineering and technica
expertise moved more fredly in Cdifornia s open and spirited environment. These forces greetly
increased the volume of information sharing in Silicon Vdley, subsequently compounding regiond
wedth. Frmsin Massachusetts more aggressively sought to protect their intellectua capita advantage

(asin Proposition 3) yet ultimately had lessto protect (asin Propostion 6).

Examples of advantage secured through a network of connections are dso not hard to find. Ina

fourteen year nationd longitudina study of high school graduates, [James, ‘ 88], researchers found that
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the sdlectivity of one sadmamater increased earnings even after controlling for SAT scores and
academic performance. A amilar sudy confirmed an inertid effect insofar as certain minority

popul ations benefited relatively more in increments to their incomes than non-minority populaions did
when they atended high quality univergties (Daniel et d., 1995). Connections established in college can

often provide a sustaining advantage later in life. As modded here, access to information rich networks
for short periods becomes a vauable asset in information trading environments.  VI11. Implications

A. Relaxing the Nonrival Assumption

Although much of the information sharing behavior observed in the propostions rests on the nonriva
property, rdaxing this assumption yields rdaively consdstent results. Sharing might dilute information's
opportunities for use limiting its nonrival property. This might be the case, for example, if sharing severd
market tips led others to act on an arbitrage opportunity rendering it unusable to the origina source.
Dilution is different from tempora depreciation, referring instead to reduced opportunity for use based
on how many othersareusing it. If information dilutesat rate when it is shared between i and |, thenii
receives g(t+Dt) = (1-s)e(t) +s(1- )g(t) +s(1- )gt andsmilaly forj. Thesetermsrepresenti's
resdua unshared information, i’ sresdud shared but diluted information, and reciprocd sharing from |
respectively. Fromi’s perspective, trade ensues only if gainss (1- )g exceed losses s g((t).
Rearranging thisinequality gives g(t) > 71— &(t), that isi will only share with agentsj above some
minimum relative threshold that increasesin the dilution rate. According to thisformula, for - > % ,
agents will only share with those who are more dite than themselves. Sharing hats for precisdly the
same reason as in the Information Climber Effect. The most dlite agent has no potentid trading partners
and opts out of the system, an effect that cascades throughout the population. For dilution above ,
sharing should aso hat because it resultsin anet |oss of resources -- the benefactor |oses more than a

beneficiary gains. Thus, the propositions hold up to the point where information starts to behave like a
tangible good, the point where traditional goodsintuitions operate. Assumingthat < % , the

propositions roughly hold with the proviso that agents faling below the relative threshold g(t) = 17— &(t)
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becomeindigible for information trading.18 Networks gtill form among relative peers. Thisratio dso
impliesthat certain channels could go unused if there are too few digible partners. A policy which
boogtstheinitid endowments of indigible agents then has a consderable effect on ther true levels of

access. B. Parameter Changes

The model makes severd predictions, particularly in terms of how information technology affects access
A, chahnds C, sharing s, and resources g(t). Inthismodel, increasing access parameter A can lead to
compounding winner-take-dl effects and a secesson of the information dite in the context of initid
inequdity. Proposition Two specificaly shows the effects of increasing access defined as increasing
reach within the population. 1T can adso be used to increase the number of channels C available to each
agent. Supplying every member of the population with an equa number of channd's does not
necessarily eliminate resource differences as suggested by Propositions One and Four dthough it can
help increase network szes and it margindly increases network ingability.  Importantly, however, Cis
aso aproxy for bounded rationdity or limited attention. Information technology is unlikely to permit
individuas to widen ther focus to the entire population. “Y ou can [have access] to hundreds of millions,
but you can’t know them dl because al you can remember is3000. All you can do is replace the [abel
‘physicd acquaintance with ‘virtud acquaintance” (Rowe, 1996, from an interview with M.

Dertouzos).

Of the parameters responsible for resource differences, initia endowments g are among the most
critica. Since the rich tend to become richer over time, this modd suggests that shrinking initia gaps
&(0) - g(0) can reduce subsequent gaps. One policy implication isthat it might be possible to close
these gaps through an improved incentive system for public disclosure. If agents disclose their private
information, then others might enjoy improved resources in subsequent periods. As suggested by
Propogtion Three, however, the difficulty may liein overcoming relive objective functions. Agents
who privately vaue their rdative advantage may refuse to share.

18Consider that for ?=1/2, g(t) = &(t) , for 2= 1/3, g(t) = (V2ei(t) , and for 2= 0, g(t) = (O)ej(t) implying that j need
have no resources to be an eligible partner.
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To the extent that IT can increase either the learning or sharing parameters, | or s respectively, the
model suggests that information resources grow faster. In the long run, the learning parameter most
srongly affects growth rates but, as the second example suggests, Stuations exist in which improved
resource sharing can expedite resource improvement. IT may be much more effective changine a
group'sintrindgc s thanitsl , thus the modd helps motivate groupware, data warehouses, and corporate
knowledge bases on the basis of improved sharing through information sysems. These findings are dso
congstent with descriptions of resource growth in organizations (Huber, 1991; Jarvenpaa & Ives, 1994,
Quinn, 1992) through sharing.

(Clemons, Reddi & Row, 1993; Malone, Y ates & Benjamin, 1987)Concavably, information
technology could have an effect opposite to that of helping the rich to get richer if it curtailed effective
access.1® Noise might increase as broadcast communication and spamming20 become ubiquitous.
Information overload and confusion might confound attempts to locate new and better partners, forcing
searchersto pursue locally available options. Noise reduces access and reverses the effects of
Propositions One, Two, and Four. Given collaborative filtering, increasingly powerful search engines,
and kill files, however, the trend toward increasing access seems likely to dominate the effects of

increased information noise.

| X. Conclusions

Although channel access can be created equal, information resources are not necessarily shared this
way. Ingenerd terms, the modd suggests that decreasing search costs and increasing access can
increase dratification if initid endowments start out unequal and growth rates are high. The moddl offers

two reasons for this effect.

The principa reason is that “bounded rationdlity” or capacity congraints dampen the impact of universd
access. Until and unless infragtructure, including human processing cagpecity, permits unbounded

19We are indebted to John Sterman for this observation.

20Thisisthe practice of posting irrelevant material to large electronic communities in the hope of generating even a
few intended respondents. The senderstypically do not bear the nuisance costs they impose on the broader
audience they inconvenience.
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resource transfers, agents will find it privately advantageous to focus their atention on the richest
information sources. In particular, richer agents might limit their attention to one another. Facing aglut
of information, agents can find vdue in sdlective focus. Redaivey dosed networks then form, not from
planned exclugvity but in response to the problem of dedling with information and contact overload.
Thus policies which increase information overload may amplify problems of sdective focus and network

closure and segregation.

Not al information resources are public, and the heterogeneity of private resources aso contributes to
increased diparity. This effect builds on itsdf as heterogeneity tends to increase with high growth rates
over time. It isaso condgtent with increasingly privatized information (Branscombe, 1995). Anyone
wishing to contact a private source faces increased difficulty as ubiquitous communications alows others
to know of and seek the same resource. This can bid up the price of information and experience with
the ironic consegquence that increased access can lead to decreased availability. Both elements of this
andyss show that universa accessin avoluntary exchange economy can inhibit rather than fecilitate
equdity, with the information rich becoming information richer.

Andillary results of the modd imply that (1) sharing can hdt if agents value rdative differences over
absolute totals, (2) improved access can lead to more winner-take-al marketsin the context of
broadcadt, (3) nonriva resources can grow at increasing rates, (4) information collaborators can
overtake information soloigts, and (5) differences in channd access can be sef perpetuating. The mode
aso conformsreatively well to severd empiricd obsarvations including segmentation on the Internet,

sharing incentives within, resource growth through sharing, and advantage secured through networks of
connections.
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X. Glossary of Variables

Symbol Description
A Access, thetota number of agentsthat can be located or reached at any
giventime 1=A =1.
C The tota number of channds available to an agent. Didtinct from A, this
isthe number of mutua connections that it is possible to hold
smultaneoudy; C <1 - 1.
d Depreciation rate, obsolescence of information resources with time.

Dilution rate, reduction in nonrivary assuming loss through sharing.

& (1), ei(t), ep)®

Endowment of agent i at timet; shorthand for dl endowmentsini’'s
S
network a timet other then agenti'sor 11 "0: 1" g(t); shorthand for dll
S
endowmentsin i’snetwork a timet or 1" n0) g

The average or expected endowment.

e
f()

Function giving the network index of agent i.

g

Function returning highest ranking agent of network n.

Individuds, firms, or agents; the totd number is|.

ij, k&{1,2, .. 1}
il

A replacement agent for agent i

Link, strength of interest ini's connection toj. Lj; & [0, 1]

Learning parameter; the rate at which information resources grow.

n()

The set of agentsini’s network.

Fa,t1)

Any concave production technology with positive output on the
resources of i, R(i, t, 1) or F >0, output increesing ininput F ' > 0, and
dminishing relunsF " = 0.

RG, 6 1)

Information resources of i at timet, defined as the sum of g(t) and other
s g(t) towhichi has accessin population I

Sharing parameter; the fraction of the private endowment disclosed to
other agents.

zy(t)

Shorthand for the shared resources of anetwork at timet equal to
s[ey() +ey(t) + ... ecaa(B)]
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XI11. Mathematical Appendix of Proofs

For convenience, each proposition is repeated below together with its accompanying proof.

Proposition 1.A (Principle of Growing Network Inequality): Utility maximization in voluntary
networks increases the resources of theinformation ditei.e.” i <jinperiod 1, R(i, 1) - R(, 1) = R(i,
0) - R(, 0). Thefollowing dtrategy isaNash equilibrium:

. _‘! L;=1 f@)32 f(j).i* ju
SO =1y —o  fy<r() }

implying thet agent i prefers to communicate with other agents having equa or greater endowments than
those in network f(i).

Proof: We prove propodtion 1 by showing that a voluntary Nash equilibrium Srategy exidts, that this
drategy maximizes the payoff of each agent from the choices available, and that the dlite regp a greater
share of benefits.

Step 1. The above dlite strategy is aNash equilibrium. Agent i chooses Lj; such that this
strategy provides every agent with no more than C network partners and the last chosen partner is at
least as elite as any other partner available to thisagent. There are three cases, assuming i ?j

(a (i) > f(j) -- By the definition of f(), each such agent j has aricher endowment than i but by
the equilibrium strategy agent j chooses Lj; = 0 so i cannot connect to j since LjjL;; = 0. Deviation by
choosing Ljj & [0, 1) will not change this outcome.

(b) f(i) < f(j) -- By the definition of f(), each agent i has aricher endowment than any such j.
Sncedl other agents k for which f(i) = f(k) have richer endowments, i finds it codly to fill any channd
with communicationsto j, thus L = 0 strictly dominates Lj; & (O, 1].

(©) f(i) = f(j) -- In equilibrium, agentsj choose Lj; = 1 and by the definition of f(), there are
exactly C such agents other thani. Choosing L; = 1 therefore strictly dominates Lj; = O since either the
channel goes unused or agent i linksto agentsk where R(k,1) < R(j,1). If Ljj & (0, 1) then agent i is not
getting the maximum vaue from the channd.

Step 2: The dlite strategy maximizes information access from the choices available to each
agenti.e $ j, ksuchtha R(i',1) > R(i,1) wheren(i) = n(i) » {k} \ {j} and Ly; = 1. Before any change,
information accessis given by

Ri,D=g@)+s & LLe@

iTni),j2i

switching k for j providesinformation access R(i',1) = R(i,1) - sLjjL;ig(1) + sLikLiie(1). If R(i',1) >
R(i,1) then s LiLyiex(1) > s LijLjig(1) but for k < gef(i), Lxi = 0 s0 s LixLiex(1) adds nothing while
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losing ashare of g(1). ThusR(i',1) <R(i,1). For k> g°f(i) + C, g(1) < g(1) sotheswitchisdsoa
net loss. In the case of gef(i) = k = gef (i) + C agent k is dready in the network.

Step 3:" i<jinpeiodl, R(i,1) - R(,1) =R(i,0) - R(,0). Prior to network formation R(i,0)
=¢g(0) > g(0) = R(j,0) since g(0) > g(0). After network formation, total resource access is provided

by

Ri,D=g(0)+s a LiL:&(0)

K n(i), kti

RGj,)=e(0)+s a L,L&(©0)

KTn(j)kt |

By the definition of (), egry(1) > €ger()+c(1) > Egf(j)(1) > €ger)+c(1) and the more lite agent
has access to richer endowments which proves proposition 1L.A.

Proposition 1.B (Principle of Growing Equality Within Networks): Preexidting differencesin
resource access among agentsin the same network decrease. That isfor f(i) =f(j), R(I, 1) - R(j, 1) =
R(, 0) - R(j, 0).

Proof: Thisisadgraghtforward comparative static result. Prior to network formation, R(i,0) = g(0)
and likewise for j so that R(i,0) - R(j,0) = &(0) - §(0). By Proposition 1.A, dl L are either O or 1 s0
they may be suppressed. Assuming that agentsi and j arein the same network, i.e. that f(i) = f(j), then
following network formation, agent i has resources R(i,1) = (0) + sej(0) and likewise for j where
g(0) & e.i(0) and (0) & e-j(0). Since membersn(i) = n(j), resource differences converge, R(i,1) -
R(.1) =[&(0) + se.i(0)] - [(0) + se-;(0)] which smplifiesto[g(0) + sg(0)] - [g(0) + s&(0)] =
[6(0) - §(0)](1- s). Sinces & [0,1], the resource gap between agents of the same network shrinks
fordl s above complete secrecy.

Corallary 1-- The€ite have agrester choice of partners. Proceeding inductively, the initial case for
any agent i from 1 through C+1 isthe choice set equa to [{ 1, 2, ... I} \ {i}|. Ingenerd, the Sze of the
choicesetis{1, 2, ... I} \{i}| - (C+D)[f(i) - 1] and for agent i > C+1, the second term is> 0 and
increasing. Subsequent agents must therefore have choice sets no larger than more dite agents.

Proposition 2 (Winners-Take-All Effect of Increased Access): Given acapacity condraint,
increasing access raises the probability that more dite agents become more éttractive partnersin any
reachable network. More precisaly, let B represent the event thet j is an attractive partner indicating
that other agents chooseto contact j. Thenp(B |j=C) ->1and p(B |j > C) -> 0 as access
gpproaches the population sze A -> 1.

Proof: Let | represent an arbitrary agent in the collection of | agents. Then, the probability that j isin
the firg C choices of asample of Sze A isgiven by the number of combinations involving agents above
and below j:
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Where the expresson gKZ is undefined for K > N, the above expression is equivaent to a summeation

with changed bound
gJ - 1og| -jo
em 12eA- mo
@ o)
eAd

| -
The summeation in this numerator, however, smplifies to the reduced form expression 6 EA- 1g WhICh

when divided by gA; reducesto I_A . Thus the probability of reaching any of thefirst C agentsisa

linearly increasing function of A and p(B |j = C) -> 1. On the other hand, as A -> | the righthand
combinatoria choice in the numerator becomes undefined so that p(B |j > C) -> 0.

Propostion 3 (Information Climber Effect ): If agents maximize relative assetsin lieu of absolute
assts, information sharing hdts. That is, the following strategy becomes a Nash equilibrium:

|L =1 j<iu
waey =11 =0 j>i

Proof: Maximizing relative assets implies that agents seek to increase the gap between their assets and
those of others. Rather than absolute maximization, the objective becomes

maxu(a L,L,se® - g(®)|such that AIE C+ Y and [T, T, T 10.1]

This objective function breaks into two components representing agents with richer and poorer
endowments respectively. Agent i seeks to increase the advantage over less éite agents and to
decrease the advantage of more elite agents. Recdling that i <j implies g(0) > g(0) thisyields

maxuga LIJ Jlse(t) Q(t)+a LI] Jlse(t) Q(t)_

j>i
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Condder thefirgt agenti = 1. Under the conditions of the second summation, resources after full
sharing with any agent j would be such that (1) = g(0) + sg(0) and g(1) = ¢g(0) + sg(0) but for Al
agentsj > i it must be the case that g(0) < &(0) and the relative gap becomes (1) - g(1) = [g(0) +
sg(0)] - [g(0) +seg(0)] =(1- s)[&(0) - g(0)]. Thisgap a time 1issmdler than the gap a time 0
unless agent i sets Ljj = 0. Although agent j may set Lji = 1, agent 1 can do no better by sharing with
any lessdite agent. For the firg agent, the first summation is zero Snce there are no agentsj <i. But
then the highest ranking agent communicates with no one, leaving agent 2 in the pogition previoudy
enjoyed by agent 1. By induction, no agent communicates with less dlite agents and sharing halts. Also,
gnce u'(e) <0, agentsdo not collude. That is, the loss from losing ground to aless dite agent exceeds
the gain from overtaking a more dlite agent.

Lemma 4 -- For private resources, the resource growth equations in continuous time are given by:

e [0]€ 1 L1 -5 -2d+r) La-s-2-r)0OU
t1 = e[Q]E -5 -¢) 4 (D) é_Et(I-s-d)_i__gl - s +1)E? (l -s -r)E?2 e
§[t]=¢[0] oy o ) ( ) e
and for pooled resources by:
se . Oé Lo -s-2dwr iI—s.—2d—rl:l
Z][t] — Q"I(l)[ ]éEZ( 2 )_ E2( )l:]
r e u

Proof -- Theingtantaneous rate of increasin private resourcesin the learning that occurs from access
to priate and pooled resourcesis| (&[t] + zy;)[t]) while the instantaneous rate of decrease is given by
the sharing into the common pool and the depreciation rate -(s + d)e[t]. Smilarly, the changein
pooled resources increases by the sharing from private resources and decreases by depreciation giving
riseto the differentid equations:

elt]=( -s - d)g[t] +1z,,[t]
Z[t] =[Gt + & [t] +...e.,[t] - Az [t]

In matrix form, these equations can be rewritten for the collective network as

¢l g -s-d) 0 -~ 0 |e]
e.u é ue . U
é: l=p : : : tae i g
€. 0 a gé. U
g g O 0 (s - d) | G
gzn(i)g e S S - dggzn(i)g

Note that the depreciation term is an additive constant across the main diagond -- its effect will thus be
minima. The egenvectorswill beidentica to those of a matrix with no depreciation term while the
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egenvaueswill Imply be offsat by -d. The matrix has only three unique eigenvaueswithvy = (I - s -
d), v, :%(I -s-2d-r), v3 =%(I - s - 2d +r) , and with accompanying eigenvectors

{v, Vis Vi Vo vy}
12l 2l a 12l 2l U
{11,-10,..0,0;, 11,0,-10,..0,0, .. 1140,..0,-1,0,0f, i—,.—,-1ly, i—,.—,- Iy}
{ ho{ } { } e % e g

These equations introduce a few congtants to smplify notation. Thesearer = \/(I +s)?+4cls ,cp=
(I -s +r), cg=(I -s -r),whichareroughly vz and v, without depreciation d. Sincec,|,s =0, it
followsthat c, = 0 and c3 = 0 dways. These facts will amplify subsequent expressions. Putting the
egenvauesin avector V and the eigenvectors as the columns of ametrix S, we can cdculate the time
varying solution from the initid conditionsas S+ Exp[t*V]*S1s[ey[0], &[0], ...€:+1[0], Z,[0]] where the
initid conditions for the pooled resources of the network z,[0] = 0 and as before, g,[0] abbreviates the
sum of initia resources e[0] + ;[0] + ...ex+1[0]. Thismultiplication smplifiesto

el0]e —m 1 tvs 2300
eft] = [O]E +C 1é-E +2r E -ckE o

sef0]g vy
. éE - E aq

z[t] =

Then subgtituting for v4, Vo, V3, Cp, and ¢z provides the required results. In these equations, v, can be
roughly interpreted as affecting individua contributions, whereas v, and v3 can be interpreted as the
changes contributed by group processes.

Proposition 4 (Convergence and Stability Conditions) -- For any two agentsi and j, g[t]/g[t] ->
€n(i)[0]/eng)[0] subject to the stability condition

[ &)t -s - 1)- 25 (c+De,.]
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Since the gtability condition requires growth in private resources, it dso follows that for stable
networks, if (i) = f(j), then g[t]/g[t] -> 1 whereas for f(i) < f(j) then g[t]/g[t] -> K > 1 and g][t] - g[t]
->8.

Proof: Lemma4 givesthe closed form analytic defintionsfor g[t] and z,[t] over time. The gability
condition can be defined as the point where the private resources of an agent in i’ s network, n(i), no
longer exceed the combined private and pooled resources in the next network. To anyone outside the
network, both private and pooled resources from another network would be attractive gains. Thus, the
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testise, (t) <g ,(1)+z (1) or, after separating private and pooled resources,
g, (t)-¢, )<z, (1).

The gap between the initid endowments g[t] and the average for j’s own group e,[0)/(c+1) islikely to

be negligible rdative to growth in pooled resources.  So, tregting the first two termsin the definition of
private resources asif they cancd, expanding the stability condition yidds:
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After cross multiplying the denominators and cancelling r’ s, the exponential terms can be separated.
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Dividing through by the |eft hand Sde coefficient and the right hand Side exponentid cancels much of the
exponent and yidds afind expresson for testing sability.
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Thisdivison regquires dividing by two separate terms. The exponentia will dways be positive and thus
never affectsthe inequality. The denominator in the sability test, however, may sometimes be negative,
which reverses the sense of the inequdity. Each variableis positive and asnoted in Lemma4, ¢, =0
adways 50 the actud sense of the inequdity will depend on the rdative szes of (e,-e,+1)C; and
2s(ctl)en+1. By assumption, (e,-€n+1) > 0 s0 the denominator becomes negative when the gap
between initid network resourcesis smdl relative to the totd initid resources e,+1 in the next network
or when the number of connections c is very large. Note dso that c3 = 0 always so that the numerator
isdrictly negative. If the denominator is positive the test fails permanently because B cannot be less
than zero. Networks are permanently stable. If the denominator is negative, however, the inequality

reverses and the test must eventually pass any positive threshold because time does not appear on the
right hand sde. Networksin this case are unstable.

Propostion 5 -- (Principle of Convex Growth) Let F (g) be any concave production
technology suchthat F'> 0 and F " < 0 i.e. output increases with input but exhibits decreasing returns
toscde. Assumeasothat F (g) >0 sothat F does not produce negative output. Let Y (t | ep) bethe
information state describing the available information when F isthe production technology. Then Y isa
convex function of timewith both Y' >0 and Y " > 0. Since concave technology is the most difficult
such casg, afortiori, any nonnegative, nondecreasing production technology F aso givesriseto a
convex information date Y regardless of its convexity properties.

Proof: The assumptions on production technology that F >0, F'>0,and F" <0 are
gandard in economics. The nonrivary of an information good then ensuresthat F (g) isthe production
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rate, i.e. that dl inputs to production are recovered after production in addition to whatever is
produced. Thusif Y (t | ey) represents the available informeation, then changesin information are Y '(t |
ep) = F (Y (t| &)). By differentiation, Y "(t | &g) = F'(Y (t | €)Y '(t | &) = F'(Y (t | ep))F (Y (t | €))
whereboth F >0, F'>0. But thisshowsthat bothY'>0andY" > 0.



