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1. INTRODUCTION

Humans and software agents alike spend considerable time
and effort in searching. Search enables finding the things
that better fit and agent’s goals. But search can also be
a costly process. Search costs can either come in the form
of direct monetary payments, or in the form of time and
resources spent. In general, the searcher must balance be-
tween the benefits provided by longer and broader search,
on the one hand, and the associated increased cost, on the
other.

In economic literature search costs are often referred to
as “environment friction” or “market inefficiency’ and as-
sociated with reduced market performance [1]. Indeed, in
the presence of search costs a rational player will not aim to
find the best option, but rather settle for the “good enough”,
beyond which the marginal cost of searching exceeds the
marginal benefit of continuing the search. Thus, search costs
promote sub-optimal results (or so it would seem). As such,
the traditional wisdom is that when designing a MAS en-
vironment, search costs should be avoided or reduced to
a minimum. Taking eCommerce as an example, most re-
searchers see a great benefit in the ability of eMarketplaces
to lower the buyers’ cost to obtain information (e.g. about
the price features) from multiple sellers, as well as the sell-
ers’ reduced costs to communicate their information [1]. The
lowered search cost is associated in this case with increased
economic efficiency and enable new markets to emerge. Sim-
ilarly, many systems have been introduced in which central
mechanisms or mediators are used in order to supply the
agents complete information concerning market opportuni-
ties, eliminating the need to engage in costly search.

In this paper we show that, not withstanding the above,
search costs — “friction”, if and when applied appropriately,
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can also be beneficial, and actually increase both the ex-
pected aggregate welfare, and the expected utility of each
individual agent. This holds even if the proceeds from the
search costs are discarded and do not directly benefit anyone
in the system, as we assume throughout. Thus, artificially
applied search costs can be used as a mechanism to improve
market efficiency. We show this for one-sided search settings
using standard models from search theory. Similar results for
two-sided search settings are available however omitted for
space considerations.

2. ONE-SIDED SEARCH
The Model.

We employ the fixed-sample-size search model [2], wherein
each searcher executes a single search round in which it ob-
tains a large set of opportunities simultaneously, and chooses
the one associated with the highest utility. Consider an envi-
ronment with m homogeneous servers, and N homogeneous
agents requesting service from these servers. The agents are
assigned a random order. Each agent, in turn, can request
to query any number of servers. The queries are assigned
to available servers. Each server can address one query in
each time step. Since the queries may be executed in par-
allel, agents need to determine the number of queries they
request in advance. Once the queries are executed, the agent
obtains the results and leaves the system.

Each reply provides the agent with some non-negative util-
ity. The utility, =, obtained by agent A; from the reply of
server i is randomly drawn from a distribution Dy charac-
terized by a probability distribution function (p.d.f.) f(x),
and cumulative distribution function (c.d.f.) F(z). For sim-
plicity we assume that all servers and all agents are homo-
geneous, and thus share the same functions f(z) and F(x).
The overall utility obtained by the agent from the set of all
replies is the maximum among the utilities provided by the
individual replies from the different servers. We assume that
the future is discounted by a factor of § (which is common
to all agents).

Agents are assumed to be self-interested, and thus aim to
maximize their own expected utility. Thus, if there is no
cost for querying a server, all agents will request to query
all servers. This, however, means that serving each agent
takes more resources, and thus delays serving other agents.
Since the future is discounted, agents further down the line
actually end up losing from this delay more than they gain
from accessing more serves. We show that by introducing
a cost for each query, we can drive agents to perform less
queries, and increase the expected utility.



No Search Costs.

For a search cost of ¢, let S. be the expected aggregate
utility with a search cost of ¢. Forany k =1,...,m,let E} =
E(max{z1,...,zr : © € Dy}) be the expected maximum
of k independent draws from the utility distribution Dy .
Then, if there are no search costs, ignoring discounting, each
agent would obtain expected utility of E,,. However, each
agent occupies all the m available servers. Thus, the i-th
agent is only serviced at time i. Thus, taking discounting
into account, the overall expected utility of the i-th agent is
E..6%. The aggregate expected utility, summed up over all

agents, is thus N sN
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With Search Costs.

Now, assume that we introduce a cost ¢ for each query.
Then, the rational choice for an agent is to query k < m
servers such that the expected marginal utility of querying
the k-th server (rather than k — 1 servers) is at least ¢, but
the marginal utility of querying the k + 1 server is less than
c. Thus, each agent will choose to query k servers such that
k = argmaxi{Ex — Ex_1 > c}. Conversely, the minimum
cost that will guarantee querying exactly k servers is: ¢, =
Erxy1 — Ek.

With a search cost of ci, ignoring discounting, the ex-
pected utility of each agent is: Uy = Ex —k-cx = (k+1)Er—
kEk4+1. At any one time step, m/k agents can be served in
parallel (assuming k divides m). Thus, the i-th agent is

served at time {#/kJ Thus, taking into account discount-

ing, the expected utility of the i-th agent is de#/kj . Thus,
the total expected utility, summed up over all agents, is:
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Advantageous Search Costs - Aggregate Utility.

THEOREM 1. For any non-degenerate distribution Dy on
non-negative utilities and any discounting factor § < 1, there
exist mo and No such that for any m > mo and N > Ny,
there exists a ¢ such that introducing a search cost of ¢ for
each query increases the expected aggregate wutility. This
holds even if the proceeds of the search costs are discarded
and do not benefit anyone.

PROOF. Set Sy = ‘leJ and S,, = %% By (1) and (2)
we have that Sy A:)o So and S, N%oo S_‘ . Suppose that
Sck > So. Set € = Sck — S . Then, there exists an Ny such
that for any N > No, So < So + €¢/2 and S, > S., — €/2.
Thus, for N > Ny we have that Sc, > So, i.e. introducing a
search cost of ¢ increases aggregate utility.

It thus remains to prove that Sc, > So. We show that
this holds for any k, provided that m is sufficiently large.

Indeed, 5, = %35 > 452 = 5, i
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The left hand side of (3) is independent of m, while the right
hand side approaches 0 as m grows [2]. Thus, provided that
Uy, is positive, (3) necessarily holds for m sufficiently large.

We show that Uy is positive for any k. Denote fi(z) the
p-d.f. of the maximum of £ independent samples from Dy,

and let Fi(x) be the associated c.d.f. Then, Fy(z) =
and fr(z) = (Fk( ) = k(F(2))* " f(x).

= J° yfr(y)dy. Thus,
Up = (k + 1)Ek — kEk+1 =

(k+1) / " fu()ydy — k / " e (w)ydy =

(F())"
By definition,

Kk + 1) / T(F@) (1 - Fw) f)ydy > 0

The last inequality is due to the fact that all elements of
the integral are non-negative, and assuming that the distri-
bution is non-degenerate (i.e. is not concentrated all in one
value) at least one element is strictly positive. [

Individual Utility.

COROLLARY 1. For any non-degenerate distribution Dy
on non-negative utilities and any discounting factor § < 1,
if agents are assigned a random order then there exist mo
and No such that for any m > mo and N > Ny, there exists
a ¢ such that introducing a search cost of ¢ for each query
increases the expected utility of each player. This holds even
if the proceeds of the search costs are discarded and do not
benefit anyone.

ProoF. Considering a specific player, for any position 4,
the probability that the player is ¢-th in the order is 1/N.
Thus, if there are no search costs then the expected utility
of any player is:

N
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Similarly, the expected utility of the player with a search

cost of ¢, is N
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Thus, the theorem follows by the exact same reasoning as
that in the proof of Theorem 1. []

3. CONCLUSIONS

The implication of these results to market designers is
that the effects of search costs should be carefully analyzed
in each case, and not assumed to be universally detrimental.
Rather, there are cases when it may be beneficial to delib-
erately introduce artificial search costs. When search costs
are already part of the system, there is no general answer
for whether or not decreasing these costs will improve the
system’s performance. In some settings, an increase rather
than a decrease can actually contribute to improving ex-
pected utility. In other cases, a decrease in search costs can
contribute to improving expected utility, but decreasing the
costs beyond a certain point can result with the opposite
effect. The analysis methodology given in this paper can fa-
cilitate the calculation of the right search cost to which the
market designer should strive.
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