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1 Introduction

Price competition in homogeneous goods markets rarely results in market outcomes in line
with the “law of one price.” On the contrary, price dispersion is ubiquitous and differences
in location, cost or services attributed to seemingly homogeneous goods cannot fully explain
observed price dispersion. In his seminal paper on “The Economics of Information,” Stigler
(1961) offered the first search-theoretic rationale for price dispersion. In fact, Stigler claims
that “price dispersion is a manifestation - and, indeed, it is the measure - of ignorance in the
market” (p. 214). Following Stigler’s seminal work, it has been shown that price dispersion
can arise as an equilibrium phenomenon in a homogeneous goods market with symmetric
firms if consumers are not fully informed about prices (see Baye et al. (2006)).

We theoretically and empirically examine the relationship between information and price
dispersion. We first derive the global relationship between information and price dispersion
in a “clearinghouse model” as introduced by Varian (1980) and further developed by Stahl
(1989). Consumers differ in their respective degree of informedness. For some, obtaining an
additional price quote is costly. Others are aware of all prices charged in the relevant market:
they have access to the “clearinghouse.” At the very extremes, this model predicts no price
dispersion. If no consumer has access to the clearinghouse, all firms will charge the monopoly
price. Conversely, if all consumers are fully informed, this corresponds to Bertrand compe-
tition, and price equals marginal cost. While the existing literature has observed that price
dispersion is not a monotone function of the fraction of informed consumers (see Conclusion
3 in Baye et al. (2006)), we prove that the model generates an inverse-U relationship globally.

We then test this prediction. Price dispersion has been observed and analyzed in a
large number of markets (Baye et al. (2006)). These studies examine a variety of issues,
including the difference between online and offline price dispersion, the effect of the number
of sellers, the relationship between dispersion and purchase frequency, and the dynamics of
online price dispersion. Empirical studies focusing on the impact of consumer information

on price dispersion, however, are rare; the challenge here is to find a good measure for



the fraction of informed consumers. Sorensen (2000) finds empirical evidence that purchase
frequency (of drugs) is negatively correlated with both price-cost margins and dispersion,
which is interpreted as evidence in support of search models. Analyzing price dispersion
in the market for life insurances, Brown and Goolsbee (2002) use variation in the share of
consumers searching on the Internet over a six-year period as their measure of consumer
information. They find that the early increase in internet usage has resulted in an increase
in price dispersion at very low levels and in a decrease later on. Tang et al. (2010) examine
the impact of changes in shopbot use over time on pricing behavior in the Internet book
market. They observe that an increase in shopbot use is correlated with a decrease in price
dispersion over time. Sengupta and Wiggins (2014) find no significant relationship between
price dispersion and the share of internet usage for airline fares.

While analysis of price dispersion in online markets versus offline markets has provided
useful insights, we argue that it may be preferable to look at the relationship between infor-
mation and price dispersion in an offline market. First, Ellison and Ellison (2005) and Ellison
and Ellison (2009) question the extent to which the Internet has actually reduced consumer
search costs. They provide evidence that firms in online markets often engage in “bait and
switch” as well as “obfuscation” strategies that frustrate consumer search and make search
more costly. Second, Baye and Morgan (2001) stress that consumers’ and firms’ decisions to
use Internet shopbots are endogenous. Consumers’ expected gains from obtaining informa-
tion from shopbots will increase with the dispersion of prices in the market, which implies
that a correlation between the share of internet users and price dispersion cannot be given a
causal interpretation.! Third, firms may charge different prices on and offline.

Our paper follows a different approach. We adopt an alternative interpretation of the
“clearinghouse” by employing spatial variation in commuting behavior. Commuters are able
to freely sample all price quotes for gasoline along their commute. Using detailed data

on commuting behavior from the Austrian census, we construct the share of commuters

1Recently it has become possible to compare gasoline prices online. This was not the case during our
sample period (1999-2005).



passing by an individual gas station. We use this as our measure of the fraction of informed
consumers. We combine this with data on retail gasoline prices at the station level to test
the relationship between consumer information and price dispersion. To the best of our
knowledge, this is the first attempt to create a measure of informed consumers not related
to internet usage or access. We believe that our setting is closer in spirit to the seminal
clearinghouse models of Varian (1980) and Stahl (1989) for the following reasons: (a) firms’
abilities to obfuscate consumers’ search and learning efforts are limited in this market, (b)
gasoline is a homogeneous product and seller characteristics can be adequately controlled, (c)
we observe substantial variation in our measure of the share of informed consumers, enabling
us to test the global prediction derived from theory, and (d) the consumers’ decisions to
commute - and thus to become better informed - is not determined by regional differences in
price dispersion, which allows a causal interpretation of our empirical results.

Our empirical findings are surprisingly robust. For all commonly used measures of price
dispersion, we cannot reject the null-hypothesis of an inverted-U relationship. This result is
also robust regarding different market definitions. We further find evidence in favor of a first
order implication of the model: Price levels decline with the fraction of informed consumers.

The remainder of the paper is organized as follows. Section 2 presents the clearinghouse
model and derives the testable prediction regarding the relationship between information and
price dispersion. Section 3 describes the industry, the retail price data, and our construction
of a measure of informed consumers based on the information on commuting behavior in the

Census. Section 4 presents the empirical results. Section 5 concludes.

2 Information and Price Dispersion in Clearinghouse

Models

In this section, we present a version of Stahl (1989)’s search model with unit demand, which

encompasses Varian (1980)’s model of sales as a special case. There is a finite number of firms



N > 1 selling a homogeneous product. They face constant marginal cost ¢ and compete in
prices. There is a unit mass of consumers with unit demand for the product and willingness to
pay v > c¢. A share u € (0,1) of consumers comprises of “informed” consumers who observe
all prices through the clearinghouse. We sometimes refer to these consumers as “shoppers”,
because they sample all prices. These consumers buy at the lowest price, provided that it
does not exceed their willingness to pay v. The remaining fraction of consumers (1 — p) is
referred to as “non-shoppers”. They engage in sequential search with costless recall: the first
sample is free, thereafter each sample costs s > 0.2

Equilibrium price distribution. It is well known that for any p € (0,1) there is no pure
strategy equilibrium, but rather a unique symmetric mixed strategy equilibrium. The equi-
librium price distribution F'(.) is pinned down by the fact that a firm should be indifferent

to setting any price p in support []_9, ]ﬂ or setting price p:

which yields:
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for all p € []_9, ﬁ}. Solving for F(p) = 0, we obtain the lower bound of the support: p =

c+ 7 Jfl—é ~- The upper bound of the support is pinned down by the non-shoppers’” optimal

search behavior: Janssen et al. (2005) and Janssen et al. (2011) show that p = min(p,v),

where r = p = ¢+ =5 andA:folH%dWE(O,l).
—K

Observe that if s > v — ¢, then non-shoppers never find searching profitable and our

model is equivalent to Varian’s model of sales. In this case, p > v and p = v for all (u, N),

2Recent extensions and modifications of the Stahl (1989)-model typically address the assumptions imposed
on non-shoppers. These alterations include models where the first price quote is costly as well (Janssen et al.,
2005), where revisiting a store is costly(Janssen and Parakhonyak, 2014), where uninformed consumers are
uncertain about the firms’ underlying production costs (Janssen et al., 2011), or where non-shoppers only
know the support of the underlying price distribution (Parakhonyak, 2014). In Lach and Moraga-Gonzalez
(2012) the consumers’ knowledge about prices is described by a more general distribution rather than the
strict dichotomy of the Varian (1980)- and the Stahl (1989)-model. Stahl (1996) and Chen and Zhang (2011)
allow for heterogeneous search costs.



as in Varian (1980). Conversely, if s < v — ¢, then there exists a unique i € (0, 1) such that
p=wvif p < frand p = pif u > 1.3 We thus have fully characterized the equilibrium price
distribution in terms of the parameters (c, v, s, pu, N).

FExpected Price. The expected price is given by

min(p,v)
E(p) = / pdF(p),
p

— ot Ax (min(p,v) — ¢),

where the second line follows by using equation (2) and change of variables z = 1 — F(p). It
is immediate that the expected price decreases in the fraction of shoppers pu, as both A and
p decrease in p. In order to validate the model, we will first test the following prediction

according to Stahl (1989):
Remark 1. The expected price E(p) is declining in the proportion of informed consumers .

The intuition behind this result is very simple. As the proportion of shoppers increases,
firms are increasingly tempted to attract shoppers by charging the lowest price. As a con-
sequence, both the upper bound and the lower bound of the distribution shift down, and
probability mass shifts down everywhere.

Price dispersion. Various measures of price dispersion have been used in the literature.
We will focus on one common measure of price dispersion: the Value of Information (VOI). It
corresponds to a consumer’s expected benefit of becoming informed: the difference between

the expected price and the expected minimum price in the market:

B = pmin) = [ p[1= N1 PG dF ). g

Substituting the equilibrium price distribution (2) into equation (3) and applying again

3This follows from the fact that p is strictly decreasing in p and has limits +oco and ¢ + s in 0 and 1,
respectively.



change of variables z = 1 — F(p) yields

1 _
E(p—pmin) = / c+ Z; ¢ (1—NZN’1)dz,
0 1+ 1—N
1 —p

When 4 is close enough to zero, p = v and the value of information goes to zero as u goes

to zero. Conversely,
In both cases, the value of information goes to zero as p goes to 1. We prove the following

proposition:

Proposition 1. There is an inverse-U shaped relationship between price dispersion E(p —
Pmin) and the proportion of informed consumers u: there ezists a value i € (0,1) such that

price dispersion is increasing in p on (0, i) and decreasing in p on (fi,1).

Proof. It follows from Lemma 1 in Tappata (2009) that A — =£(1 — A) is strictly concave
in . Combining this with the fact that F(p — pmn) goes to 0 as u goes to 0 and 1 proves
the proposition for the case s > v — c.

Next, assume s < v — ¢. Then E(p — pmin) is strictly concave on interval (0, /1], and we
now claim that it is strictly decreasing on [f,1). If g > [, then v = p and E(p — pmin)
simplifies to s (iA — IT> which is strictly decreasing in ¢ by Lemma 1, stated and proven

in Appendix A. This concludes the proof of Proposition 1.

Lemma 1 is proven as follows. We first notice that s (ﬁ — 1_7“) is strictly decreasing

in 4 on (0,1) if and only if g(z) = 155333()93) — 1 is strictly decreasing in z on (0,00), where
B(z) = 01 Hxﬁ,ﬁ. In turn, this is equivalent to B(x) > I'(x) for all > 0, where I'(2)

is the smallest root of a quadratic polynomial. Using a third-order Taylor approximation,

we show that B(z) > I'(z) when « is in the neighborhood of 0. Next, we show that B(.) is

4To see this, notice that lim, ;0 A =1, lim,; A =0 and

1— 1 N N—-1
lim J(l — A) = lim Z—dz =1.
p=0 p=0 Jo 1+ 1fHNZN*1




the solution of a differential equation, and that I'(.) is a subsolution of the same differential
equation. From this, we can conclude that B(x) > I'(z) for all z > 0. We refer the reader to

Appendix A for more details. [

To see the intuition behind this result, consider starting at p = 0, where all firms charge
the monopoly price v and there is zero price dispersion. As p increases, firms have an incentive
to charge lower prices to capture the shoppers. Hence the lower bound of the distribution
shifts down, the support widens, and dispersion increases. As yu increases further, more mass
shifts towards the lower bound. This effect tends to offset the support-widening effect, so
that eventually, price dispersion falls. In the case u > fi, the reserve price p is binding, and
therefore, both the upper bound and the lower bound of the distribution shift down: when
firms are constrained by consumers’ optimal search behavior, the support widens less as
increases. Consequently, price dispersion decreases for all p > fi.

To summarize, price dispersion is strictly concave on (0, 1) and strictly decreasing on
(f1,1). It is therefore a strictly quasi-concave and single-peaked function of the fraction of
shoppers .

The following remark generalizes Proposition 1 to the case where shoppers have higher

(or lower) demand than non-shoppers.

Remark 2. Consider the following modification of Stahl (1989)’s model. A shopper is willing
to pay v with probability ¢ € (0,1], and to pay 0 with complementary probability 1 — ¢. A
non-shopper is willing to pay v (resp. 0) with probability v» € (0,1] (resp. 1 —1p). Then,
there is still an inverse-U shaped relationship between price dispersion and the proportion of

informed consumers.

Proof. Indifference condition (1) becomes:

_ 1 N 1
0= (ko (1= FG)™ + (1= Wi ) = (- (1= oy, ()
Define v(u) = m € (0,1) and notice that dv/du > 0. Then, condition (4) is equivalent
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to

-0 (V= FE) 4 (-0 ) = G- (=)

which is equivalent to condition (1) if we replace g by v. This implies that the equilib-
rium mixed strategy in the model with heterogeneous demands and proportion of informed
consumers g is the same as the equilibrium mixed strategy in Stahl (1989)’s model with
proportion of consumers v(p).

Let h(u) be the value of information in Stahl (1989)’s model. Then, the value of in-
formation in the model with heterogeneous demands is VOI(u) = h(v(p)). h is strictly
quasi-concave (by Proposition 1) and v is strictly increasing. Therefore, VOI = howv is
strictly quasi-concave. Moreover, since v(0) = 0 and v(1) = 1, VOI(0) = VOI(1) = 0. It

follows that VOI is inverse-U shaped. O]

This is a useful result, because one could argue that shoppers’” demand differs systemati-

cally from non-shoppers’ demand in our empirical application.

3 Industry Background and Data

3.1 Commuters as Informed Consumers

The main idea behind our measure of information is that commuters can freely sample prices
along their daily commuting path.> We therefore rely on the share of long-distance commuters
as a measure of the proportion of shoppers in the market. We implement this idea by sorting
the potential consumers of a given station into two groups based on the length and regularity
of their commute. Long-distance commuters are defined as individuals who commute to work
by car on a daily basis and go beyond the boundaries of their own municipality. Our estimate

of the share of informed consumers frequenting a gas station depends on the relative size of

®Houde (2012) emphasizes the role of commuters in firms’ pricing decisions. Commuters also tend to pur-
chase more fuel than their non-commuting counterparts and therefore gain more from information regarding
the price distribution (Marvel (1976), Sorensen (2000)).



this group compared to the total size of the station’s market.

Commuter flows

According to the 2001 census, 2,051,000 people in Austria go to work by car on a daily basis.
For 1,396,426 of these people, the commute involves regular travel beyond the boundaries
of their home municipality. We will refer to these consumers as informed consumers. The
Austrian Statistical Office provides detailed information on the number of individuals com-
muting from a given “origin-municipality” o to a different “destination-municipality” d for
each of the 2381 administrative units in Austria. All commuters are assigned to an origin-
destination pair of municipalities based on their home address and their workplace address.%
Since municipalities are generally very small regional units, this allows us to create a detailed
description of the commuting patterns in Austria. The average (median) municipality is
13.8 (9.4) square-miles large, and has 3373 (1575) inhabitants, 1.19 (1) gasoline stations and
positive commuter flows to 51 (32) other municipalities.

In order to assign commuter flows to gas stations we merge the municipality-level data
on the spatial distribution of commuters with data on the precise location of each station
within the road network using GIS software (WiGeoNetwork Analyst, ArcGIS). This allows
us to determine the number of individuals residing in the municipality where a given station
i is located, who commute to a different municipality. We denote this number by C?*,
the number of individuals commuting out of the municipality where station ¢ is located.
Commuters who work in the municipality of station ¢ but live in a different municipality also
belong to the station’s informed potential consumers. We denote this number by Ci", the
number of consumers commuting into the municipality where station ¢ is located.

For a complete measure of informed consumers, we also need to take into account con-
sumers passing by a station directly, despite neither working nor living in the municipality

where it is located. We refer to these consumers as transit (¢r) commuters and denote them

5The data were prepared by the Austrian Federal Ministry for Transport, Innovation and Technology for
the project “Verkehrsprognose Osterreich 2025+". We thank the ministry for sharing the data with us.
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by C!". We assume that transit consumers are familiar with the prices of gasoline stations
located directly on the commuting path, but not with the entire gasoline market in the mu-
nicipality. As such, they are likely to be part only of the market of stations which are located
directly on their commuting path. In order to obtain a measure C!" of transit consumers, we
use the shortest path algorithm integrated in ArcGIS. The algorithm computes the optimal
route from the origin municipality o to the destination d by minimizing the time required
to complete the trip. As the location of each consumer is only known at the municipality
level, we approximate the location of residence and workplace of commuters with the address
of the administrative center of the respective municipalities (usually the town hall) when
calculating distances. Given the small size of the municipalities, we can determine quite ac-
curately which road transit commuters take. Our prediction will be less accurate in densely
populated municipalities, as high population densities usually go hand in hand with more
complex infrastructure. We therefore drop gas stations located in Vienna from the sample

in our main specification.

Assigning commuter flows to gas stations

We use the shortest path algorithm to determine whether a commuter flow will pass through
a given station ¢, by comparing the length of the optimal route from the origin municipality
to the destination municipality (dist,q) with the length of the optimal route between the two
which passes through the station (see Figure 1). The distance of the optimal route between
the origin o and the station ¢ is denoted by dist,; and the distance between the gas station
and the destination is given by dist;y. If the difference in the calculated distances is less
than our chosen critical value (dist),” the commuter flow might pass by the station and as

such plays a role in the local market. The commuter flow from municipality o (origin) to

"We allow for this slack variable in distance when passing by station i as the translation of the address
data to coordinates as well as the mapping of these coordinates might not be precise. Moreover, stations
located on an intersection might be mapped on either the main or the intersecting road. Note that a critical
value of dist = 250 meters means that a station is defined to be on the commuting path if it is located less
than 125 meters off the optimal route.
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Figure 1: Commuter flows
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We illustrate the commuter flow assignment using two stations in the municipality of Kremsmiinster as an
example. Commuter flows from and to Kremsmiinster are automatically assigned to the two stations located
in it (334-38+68+9 commuters are added to the informed share of consumers). The assignment of the 1
commuter from Rohr to Sattledt to one of the stations (e.g. Lagerhaus) is based on the distance of the
time-minimizing path from Rohr to Sattledt (approx. 12,9 kilometers). This distance is compared to the
distance from Rohr to the station (5.2 kilometers) and the distance from the station to Sattledt (7.8 km).
If the commuter passes the Lagerhaus station in transit, he will have to travel 5.24-7.8=13 kilometers. This
is 100 meters more than he would travel otherwise. 100 meters is within our critical distance, so we would
count the commuter as one of the informed consumers in the market of the Lagerhaus station.

municipality d (destination) is assigned to station i whenever

disty; + distiy — dist,q < dist. (5)

For our main specification we use a small critical distance (dist = 250 meters) in order to
ensure that the price of the station can be sampled without turning off the road (the station
is visible without a deviation from the commuting route).

If the distance between the origin and the destination municipality is large there may
be multiple routes whose length is similar to that of the optimal one. In this case not all
stations satisfying equation (5) are necessarily on the same route. To account for this we
weight transit commuters for a particular station by the fraction of possible routes passing by
this particular gas station. This corresponds to the assumption that consumers randomize

uniformly over routes. To calculate the weights we thus determine the number of potential

12



routes going from o to d satisfying equation (5), and check if a particular station is included
in all of these routes or only a selection of them. The details of the weighting scheme are
given in Appendix B. The results from this algorithm show that consumers indeed pass by
a substantial number of gas stations: The average (median) commuter passes by 20 (11) gas
stations, and 90% of commuters pass by at least two gas stations.

Using the methodology outlined above and imposing the strict separation of shoppers
and non-shoppers as suggested by theory, we construct the following measure for the total

number of informed consumers in the market of station i (I;):

L=CM+Cm+ CfF

We approximate the number of uninformed consumers on the market (U;) with the number
of employed individuals who live in the municipality in which the station is located, and who
do not regularly commute over long distances by car.®

Having determined the number of uninformed consumers, we calculate a station-specific

proxy for the share of informed consumers in station i’s market p;:

I
Ui+ 1;

Hi =

Table 1 shows summary statistics on the share of informed consumer. The mean value
of our information measure lies close to the 60 percent mark. This skewness towards larger
values indicates that commuter flows account for a significant fraction of the gas stations’
potential customers.

In contrast to other empirical studies on the effects of information on price dispersion,
we observe large cross-sectional variation with the share of informed consumers ranging from

19 to 97 percent, thus covering a substantial range of feasible values. This significant spatial

8We follow this approach due to lack of better data, e.g. on passenger vehicle registrations at the munic-
ipality level. Given the localized character of competition and the assumed lack of mobility for uninformed
consumers, a more narrow definition of U; would be preferable, especially for very large municipalities.
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variability in our measure of informed consumers allows us to examine the effects of infor-
mation on the most common measures of price dispersion. Only very low values of p are not

part of our sample.

Table 1: Descriptive Statistics on the Share of Informed Consumers
Variable Mean Std. Dev. Min. Max.
1 0.577 0.147 0.192 0.967

3.2 Diesel Prices and Stations

Our empirical analysis focuses on the retail diesel market in Austria. The retail diesel market
is particularly suitable for our purpose: Retail diesel is a fairly homogeneous product with the
main source of differentiation being spatial location, which is easily controlled for. Further,
consumers primarily frequent gas stations to purchase fuel, so that our analysis is less likely
to be confounded by consumers purchasing multiple products (see Hosken et al. (2008)).
We use quarterly data on diesel prices at the gas station level® from October 1999 to
March 2005. Prices from each station were collected by the Austrian Chamber of Labor
(“Arbeiterkammer”) within three days in each time period, on weekdays. We merge the price
data with information on the geographical location of all 2,814 gas stations as well as their
characteristics: the number of pumps, whether the station has service bays, a convenience
store, etc.!’ Retail prices are nominal and measured in Euro cents per litre, including fuel
tax (a per unit tax) and value added tax. In total, these taxes amount to about 55% of the
total diesel price. Unfortunately, the Austrian Chamber of Labor did not obtain prices for
all active gasoline stations in each quarter. As there is no systematic pattern with respect
to whether a particular station was sampled in a given year, we are not concerned with

selection issues. We will however control for unsampled competitors in a given market in the

9Unlike in North America, diesel-engined vehicles are most popular, accounting for more than 50% of
registered passenger vehicles in Austria in 2005 (Statistik Austria, 2006)

10The information on gas station characteristics have been collected by the company Experian Catalist in
August 2003, see http://www.catalist.com for company details.
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price-dispersion regressions.

To characterize the spatial distribution of suppliers and to measure distances between
gasoline stations we collect information about the structure of the road network. Using data
from ArcData Austria and the ArcGIS extension WIGeoNetwork, the geographical location
of the individual gas stations is linked to information on the Austrian road system.!' This
allows us to generate accurate measures of distance as well as the commuting behaviour

across the road network.

3.3 Measuring Price Dispersion

We now describe how we calculate measures of dispersion, the main variable we wish to
explain. Below we explain how we construct “residual” prices, define local markets, and the
various measures of price dispersion we employ.

Residual prices. Even though diesel fuel is homogeneous in terms of its physical charac-
teristics, gas stations differ not only in their locations, but also in terms of services provided
and other characteristics. Thus, a simple explanation for the observed existence of price
dispersion relies on heterogeneity. The challenge is to obtain a measure of price dispersion
after removing the main sources of heterogeneity. We follow the literature!? and obtain the
residuals of a price equation and interpret these residuals as the price of a homogeneous
product. To obtain “cleaned” prices we exploit the panel nature of our data following Lach
(2002) and run a two-way fixed effects panel regression of “raw” gasoline prices (p,) using

seller (¢;)- and time (x;)- fixed effects:

Py =0+ G+ X+ g (6)

We focus on the residual variation, interpreting the residual price p; = U, as the price of

1'We further supplement the individual data with demographic data (population density, ...) of the munici-
pality, where the gasoline station is located. This information is collected by the Austrian Statistical Office
(“Statistik Austria”).

12See e.g. Lach (2002), Barron et al. (2004), Bahadir-Lust et al. (2007), Hosken et al. (2008) or Lewis
(2008). Wildenbeest (2011) shows how to account for vertical differentiation.
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a homogeneous product after controlling for time-invariant store-specific effects and fluctua-
tions in prices common to all stores. We are aware of the risk of misspecification bias in this
regression. As Chandra and Tappata (2011) point out, the results are only valid if the fixed
station effects are additively separable from stations’ costs. We will therefore present results
for our key relationship of interest for both cleaned (p) and raw (p”) prices.

Local markets. In order to construct measures of price dispersion, we need to define
local markets. We do so by connecting each location to the Austrian road network and
defining a unique local market for each firm. The local market contains the location itself
and all rivals within a critical driving distance. Similar concepts have been applied when
studying retail gasoline markets (see for example Hastings (2004) and Chandra and Tappata
(2011)). We depart from the existing literature by using driving distance rather than linear
distance. Local markets are thus not characterized by circles, but by a delineated part of the
section network. We use a critical driving distance of two miles in our main specification.
In addition to delineating markets by (exogenously) chosen driving distances we also use
observed commuting patterns to define local markets: If the the share of common (potential)
consumers - which we denote as relative overlap (ROL) - for both stations exceeds a certain
threshold, two stations are considered to be in the same local market. A detailed description
of this procedure is provided in Appendix B.

Measures of price dispersion. To examine the impact of our measure of informed con-
sumers on price dispersion we need to summarize the price distribution in a (local) market
in a single metric. Several measures of price dispersion have been proposed in the literature.
We will first focus on the “value of information” (VOI, also known as “gains from search”).
This is a commonly used measure and the testable prediction in section 2 is based on this
metric. This measure has a very intuitive interpretation: it corresponds to a consumer’s
expected benefit of being informed. The value of information is defined as the difference
between the expected price and the expected minimum price in the market. If we denote

the local market around station ¢ by m;, then the VOI for the market defined by station
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i is given by VOI; = E[p™] — E[py;i,]."> While the estimate of E[p;:] is given by p{}j
(i.e. the first order statistic of prices sampled in market m;), there are two possibilities to
construct E[p™]. One is to use station i’s price as the expected price: E[p™] = p; and
VOI; = p; —p,i . Another possibility is to follow Chandra and Tappata (2011) and use the
average local market price p™, and therefore E[p™i| = p™ and VOI™ = p™ —p . We
denote this measure by VOIM (M for “market”). In what follows, we apply both definitions
to calculate the value of information.

Another common measure of price dispersion is the sample range, defined as R; = p/’": = —
poi . As this measure is strongly influenced by outliers, we also use the Trimmed Range
TR; = pZ‘VZ’_l) — pgs', i.e. the difference between (N — 1)-th and second order statistic, as
a measure of price dispersion. The obvious disadvantage of the latter measure is that the
trimmed range T'R; can only be constructed for local markets with at least four firms.

As the value of information, Range and Trimmed Range are based on extreme values
of the local price distribution, these measures depend heavily on the number of firms in
the local market: Even if the price distribution is not affected by the number of firms, the
expected values of these measures of price dispersion increase with the number of stations.
Measures that are less dependent on the number of firms compare the price of a station (or
of all stations) with the local market average, as done by the standard deviation. Similar as
with the VOI we can compare the price of a particular station 7, or the prices of all stations
within a local market with the average (local) market price. In the first case this measure
equals the absolute difference between the price of station ¢ and the average market price

(and thus AD; = |p; — p™

), whereas in the latter case the standard deviation is defined

as SD" = \/Zzeml (p; —p™)?/(N™) with N™ as the number of suppliers in station ’s
market m; (including station 7).
Table 2 reports summary statistics for these measures of price dispersion for different

market delineations, namely two miles, using a 50% relative market overlap and administra-

3Note that all these measures are calculated for both raw and residual prices.
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tive boundaries (the municipality where the station is located). For each market delineation
the number of observations is reduced sharply when calculating the trimmed range, as the
sample is restricted to markets where the number of rival firms NS > 3. The lowest values
of price dispersion are observed with the two-mile delineation. Price variability increases
if the market is identified using administrative boundaries and is even higher if a relative
overlap approach is used. The standard deviation (SD) is less dependent on different types
of market definitions, as expected. While raw prices are more dispersed than cleaned prices,

the difference is rather small.

Table 2: Descriptive Statistics on Measures of Price Dispersion

Local market delineation 2 Miles ROL 50% Municipality
Mean S.D.  Mean S.D.  Mean S.D.
Residual Prices
VoM 0.725 (0.781)  0.874 (0.938)  0.847 (0.902)
VOI 0.723 (1.095) 0.874 (1.243) 0.847 (1.204)
Range 1.467 (1.526) 1.762 (1.783) 1.725 (1.771)
SDM 0.539 (0.546) 0.584 (0.564) 0.571 (0.556)
AD 0.466 (0.608) 0.499 (0.648)  0.486 (0.632)
Raw Prices
VoM 0.747 (0.960) 0.946 (1.216) 0.900  (1.123)
VOI 0.749 (1.355) 0.946 (1.609)  0.900 (1.536)
Range 1.546 (2.028) 2.010 (2.538) 1.951 (2.513)
SDM 0.579 (0.736) 0.668 (0.812) 0.653 (0.819)
AD 0.498 (0.797)  0.560 (0.893)  0.548 (0.892)
# of obs. 14,851 13,980 14,037
Descriptive Statistics for Trimmed Range only:
Residual Prices
Trimmed Range 0.881 (0.921) 1.232 (1.164) 1.210 (1.149)
Raw Prices
Trimmed Range 0.879 (1.226) 1.279 (1.525) 1.255  (1.529)
# of obs. 7,996 7,840 7,895

Local markets are restricted to having a minimum of one rival firm with price information (NS >
1). For the trimmed range markets are restricted to three rival firms with price information
(Ne > 3).
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3.4 Descriptive Evidence

Before testing the key prediction in the next section, we validate our use of the clearinghouse
model in this subsection by means of descriptive evidence on how the share of informed

consumers affects the price level and evidence on intertemporal price variation.

Information and the price level

Recall that the clearinghouse model predicted that prices charged at a gas-station should
decrease with the share of informed consumers (Remark 1). Table 3 presents results of
regressing prices on our measure of the share of informed consumers p. The first and second
column contain results using the entire sample, whereas the third and fourth (fifth and
sixth) column show results when restricting the sample to stations where prices of at least
one (three) rival firm(s) in the local market are available. All regressions are estimated using
either time fixed effects (first, third and fifth column) or the crude oil price index (second,
fourth and sixth column). The results remain nearly unchanged if the time fixed effects are
replaced by the crude oil price-index to capture the effects of cost shocks that are common
to all gasoline stations. As expected (and documented in the existing empirical literature
(Eckert, 2013)), crude oil prices exert a positive and highly significant impact on the level of
retail gasoline prices. In Table 4 we use stations’ average price levels (which correspond to
the station-level fixed effects (; from the two-way fixed effects regression model in equation
(6)) instead of actual prices to investigate permanent price differences between firms. We
again find a negative effect of the share of informed consumers (1). Note that the size and
the statistical significance of the parameter estimates are hardly affected when analyzing
stations’ average (rather than actual) prices. Our results suggest that a larger share of
informed consumers reduces market prices in line with Remark 1 in Section 2. Going from
zero informed consumers to all consumers being informed would reduce prices by about 2

cents.
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Table 3: Regression results on price levels (delineation: 2 miles)

Markets with Markets with
at least 2 stations at least 4 stations

(3) (4) (5) (6)

Full sample

(1) (2)

Dependent variable:
Price level (diesel)

1 -1.862***  -2.742**  -1.576*** -2.392*** -1.594** -2.673***
(0.315) (0.329) (0.373) (0.393) (0.519) (0.520)
# of rival firms (N¢) -0.012 -0.018** -0.008 -0.016* -0.013 -0.024**
(0.009) (0.009) (0.009) (0.010) (0.009) (0.010)
Time fixed effects Yes No Yes No Yes No
Brent price in euro 0.220*** 0.221** 0.224**
(0.006) (0.007) (0.011)
Constant 73.084**  74.095**  T72.988** T74.151** 72.623*** 74.197***
(0.369) (0.413) (0.458) (0.498) (0.594) (0.642)
# of obs. 21,905 21,905 14,851 14,851 7,996 7,996
R? 0.804 0.171 0.805 0.166 0.809 0.166

Standard errors in parentheses

Regressions include station- and region-specific characteristics, fixed state and random station effects,
as well as dummy variables for missing exogenous variables. Models (1), (3) and (5) include fixed time
effects. Inference of the parameter estimates is based on robust (heteroscedasticity consistent) standard
errors (White, 1980). Asterisks denote statistical significance in a t-test at 1% (***), 5% (**) or 10%
(*) level.

Table 4: Regression results on stations’ average price levels (delineation: 2 miles)

Markets with Markets with
at least 2 firms at least 4 firms

(8) (9)

Full sample

(7)

Dependent variable:
Average price over
all periods

1 -2.264** -1.814*** -2.005***
(0.350) (0.422) (0.593)
# of rival firms (N°) -0.015* -0.008 -0.011
(0.009) (0.009) (0.011)
Constant -1.473* -1.375%* -1.053*
(0.390) (0.492) (0.610)
# of obs. 1,513 1,015 570
R? 0.543 0.572 0.636

Standard errors in parentheses

Regressions include station- and region-specific characteristics, fixed state effects as
well as dummy variables for missing exogenous variables. Average price level of
station ¢ is the station fixed effect (; from equation (6). Inference of the parameter
estimates is based on robust (heteroscedasticity consistent) standard errors (White,
1980). Asterisks denote statistical significance in a t-test at 1% (***), 5% (**) or 10%
(*) level.
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Intemporal price variation

One question that arises is whether price dispersion is caused by permanent price differences
across firms, or whether firms indeed employ mixed strategies. We follow Chandra and
Tappata (2011) and calculate a measure of rank reversals rr;; for each pair of stations ¢ and
j (provided that ¢ and j are located in the same local market and that we can observe the
prices of both stations for at least two time periods). Let T;; denote the number of periods
where price information is available for both firms. Subscripts ¢ and j are assigned to the
two stations so that p;; > pj;; for most time periods. The measure of rank reversals is defined

as the proportion of observations with p;; > pi:

T;
1 &
1y = 7 ) Lol

Y ot=1

Our results are in line with Chandra and Tappata (2011). When using raw prices, the
station that is cheaper most of the time charges higher prices in 10.5% of all time periods.
Our measure of rank reversals increases to 21.5% when analyzing cleaned prices instead of

actual prices, suggesting that firms are indeed mixing.

4 Testing the Relationship between Information and
Price Dispersion

In this section we apply both parametric and non-parametric techniques to investigate

whether the inverted-U relationship between information and price dispersion that we derived

in Section 2 for the clearinghouse model is supported by the data for the gasoline market.
A straightforward approach to test for an inverse-U relationship between price dispersion

PD;; and the share of informed consumers (p;) in station i’s market is to estimate the
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following linear regression model:

PDi = o+ B +ypi + X + i,

where X; represents possible confounding factors at the station level as well as over time.
More specifically, we control for station-specific characteristics (such as brand name, avail-
ability of service bay and/or convenience store, car wash facility, location) and region-specific
characteristics (such as population density, traffic exposure of the station), as well as mea-
sures characterizing the competitive environment (number of rivals in the market). Further,
period fixed effects are included to remove price fluctuations that are common to all gasoline
stations.

The main parameters of interest are § and . An inverted U-shaped relationship between
price dispersion and information, as predicted in Proposition 1, would imply that g > 0
and v < 0. According to the parameter estimates reported in Table 5, this proposition is
supported by the data in all specifications. While the size of the estimated coefficients varies
between the models, the parameter estimates for 8 () are positive (negative) and statistically
significant at the 1%-significance level in all specifications based on the residual prices after
controlling for other confounding factors. As the share of informed consumers increases, price
dispersion first increases and then starts decreasing once the share of informed consumers
exceeds a critical level. The critical level implied by the parameter estimates lies between
between 0.70 and 0.76. As the share of informed consumers exceeds this level, the majority
of the stations attempts to capture the informed portion of the market, which reduces price
dispersion.

To formally test for the presence of an inverted U-shaped relationship between information
and price dispersion, we apply the statistical test suggested in Lind and Mehlum (2010).4

This test calculates the slope of the estimation equation at both ends of the distribution of

147ind and Mehlum (2010) argue that while a positive linear and a negative quadratic term supports a
concave relationship between two variables, it is not sufficient to guarantee an inverted-U shaped relationship
since the relationship may be concave but still monotone in the relevant range.
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the explanatory variable (u). A positive slope for low values of the information measure and
a negative slope after a certain threshold (i) would imply an inverted U-shaped relationship
between information and price dispersion. The test is an intersection-union test as the null
hypothesis is that the parameter vector is contained in a union of specified sets. Results are
reported in Table 5. At the lower bound of our set of observations, the slope is positive and
significantly different from zero at the 1% level for all measures of price dispersion used. At
the upper bound the slope is negative in all specifications. The slope is significantly different
from zero at the 1% level for the VOIM, Range, and the Trimmed Range measures, at the
5% level for the VOI and AD measures, and at the 10% level for the SD measure.

The regression results explaining price dispersion based on raw rather than residual prices
are summarized in Table 6. The qualitative results hardly change when using raw instead
of cleaned prices: The estimates of p are positive and statistically significant in all model
specifications, while the parameter estimates on p? are negative for all measures of price
dispersion and statistically significant at the 5%-level (at the 10%-level) in five out of six
(in all) models. Although the parameters are not estimated with the same level of precision
as with cleaned prices, the null hypothesis of no inverse U shape is rejected at common
significance levels in four out of six specifications.

The empirical findings using a local market definition based on commuting patterns are
even more convincing: When using a threshold-ROL of 50% to delineate local markets
the parameter estimates of p (u?) are positive (negative) and statistically significant, and
the intersection-union test is rejected at a 1%-significance level for all measures of price
dispersion. These results are summarized in Table 7.

When comparing the magnitude of our estimates of x and p? across the models we find
that the (absolute values of the) parameters are largest for Range and Trimmed Range and
lowest for SD and AD. This is due to the fact that Range and Trimmed Range are more
dispersed than SD and AD, as the first two measures (and, to a lesser extent, VOIM and

VOI) will be more affected by extreme values in the local price distribution.
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The inverted-U shaped relationship between our measures of informed consumers and
price dispersion suggests that price dispersion is significantly smaller in markets where firms
have mainly either informed or uninformed consumers. For markets with an intermediate
information endowment of consumers, our findings clearly reject the “law of one price”. We
next examine the sensitivity of our results regarding spatial correlation and parametric restric-
tions,'® and provide several robustness checks regarding market definition and construction

of our information measure.

Accounting for Spatial Correlation

So far we have treated all observations as independent from each other. However, the mea-
sures of price dispersion are calculated by comparing the price of a particular gas station
with prices charged by other stations in the local market, which challenges the assumption
that observations are independent. A natural approach to tackle this issue is to cluster the
residuals at the local market level. This approach, however, is not feasible in our case of
overlapping markets. Another way to account for contemporaneous correlation of the resid-
uals 7;; within local markets is to allow for a spatially autoregressive process (see Anselin
(1988) for an overview). We thus obtain an estimate of the variance-covariance matrix of
the residuals, V C, accounting for spatial correlation. We assume that the residual vector n
takes the form n = A\Wn + v, where X is the spatial autocorrelation parameter, the matrix

W describes the structure of spatial dependence, and v is the remaining error vector. The

*

matrix W is constructed as follows. The variable wyj ;. is equal to one whenever i and j

are in the same local market, i # j and ¢t = s, and zero otherwise.! The matrix W is

15We will not formally test for an inverse-U shape as we are not aware of a test in the spirit of Lind
and Mehlum (2010) in the presence of spatial correlation. Recently, Kostyshak (2015) suggested a critical
bandwidth based approach in non-parametric regression.

5One caveat of this method is that the structure of the matrix VC,, is (partly) determined by the
weights matrix W that has to be (exogenously) specified by the researcher. When constructing the weights
matrix we use the same approach as when calculating the measures of price dispersion, namely that only
contemporaneous observations are considered and that all rival firms in the local market get the same weight
(irrespective of their exact location relative to the central station of the respective local market).
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row-normalized with typical element wy ;s = m” The variance-covariance matrix of
n becomes VC,(\) = (I —=\W)'Z, (I - AW')™', where X, is the variance-covariance
matrix of the remaining error v;.

We apply a GMM-procedure based on the OLS residuals to obtain a consistent estimate
of the spatial autocorrelation parameter A as described in Kelejian and Prucha (1999) and
adjust the variance-covariance matrix as described above.'® The results are reported in Table
8. The parameter estimates are negligibly affected as the sample size is slightly smaller.!?
While the size of the standard errors of the parameter estimates increases by a small amount,
the interpretation of the results remains unaffected: The parameter estimates of the linear
and quadratic terms of p take the expected signs and are statistically different from zero (at

least) at the 5%-significance level, and the implied critical level lies between 0.70 and 0.76.

Semi-Parametric Evidence

In this section we illustrate that the estimated relationship between information and price
dispersion is not driven by the parametric restriction to a linear quadratic function. Given the
large number of controls, we follow a semi-parametric approach: We still restrict attention
to a linear specification for the vector of controls, but we do not impose any parametric
restrictions on the relationship between our measures of price dispersion and information .

We estimate the following equation semi-parametrically:

PDy = o+ f(u) + Xub + nit, (7)

ITRow-normalization is commonly used when specifying spatially autocorrelated residuals. It facilitates
interpretation as ) ; Wit jtNjt is the (spatially weighted) average of residuals of other stations located in the
same local market as station 4, and it ensures that I — AW is non-singular as long as A € (—1,1). See Bell
and Bockstael (2000) for a discussion.

18We allow for heteroskedasticity of unknown form in the remaining error v;t as suggested by White (1980).

19The sample size is slightly reduced when we account for the spatial dependance structure in the residuals
as we exclude stations that are located in a market with no other stations in the sample (to enable row-
normalization of W). This can occur as we exclude stations located in Vienna in the entire analysis. So if
a station has only rival stations in the local market that are located in Vienna we can calculate the value
of price dispersion for this station (and include this observation in the specifications above) but exclude this
observation here.
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We use the two-step procedure proposed by Robinson (1988) to obtain an estimate f (+).
We first obtain non-parametric estimates of E(PD|u) and E(X|u) and then regress PD —
E(PD|pu) on X — E(X|u) to obtain a consistent estimate of §. We then regress E(PD|u) —
E(X|1)0 on p non-parametrically to obtain an estimate of f(.). Figure 2 reports results
obtained for the non-parametric component of regression equation (7) with a kernel-weighted
local polynomial regression.? We see that the restriction to a linear quadratic function
resulted in a peak further to the right than with a flexible functional form. Although the
specific form of the relationship between price dispersion (shown on the vertical axis) and
different measures of consumers’ information (on the horizontal axis) differ across the measure
of price dispersion, there is strong evidence in favor of an inverted U shape of the relationship

of interest.

Figure 2: Semi-parametric evidence
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The image is based on an Epanechnikov kernel with a polynomial smooth degree of 0
and 0.8 bandwidth. The pilot bandwidth for the standard error calculation is 0.12.

20The results of directly regressing price dispersion non-parametrically on f, i.e. not controlling for X, are
actually quite similar. They are available from the authors upon request.
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Robustness

In order to confirm that our results are driven neither by the specific product, nor by the
way we delineate local markets, nor by particular sub-samples, nor by the approach used
to calculate the measure of information endowment p, we have run regressions using per-
turbations of these definitions. Results from these estimation experiments are summarized
in Appendix C (available online) in Tables 9 to 23 along with a detailed description of the
model alterations and a more thorough discussion of the results.

First, we perform the same regressions using regular gasoline instead of diesel. Second,
we define local markets using administrative boundaries (municipalities) and a smaller crit-
ical distance (1.5 miles instead of 2 miles). When using commuting patterns to define local
markets, we use different critical shares of common (potential) consumers (threshold-ROL)
to decide whether two stations are in the same local market. Third, we analyze alternative
samples by excluding larger municipalities as well as stations located on highways, by includ-
ing gasoline stations located in Vienna, and by restricting attention to local markets with
at least three gasoline stations. Last, we use alternative ways to calculate our measure of
information endowment p: (i) We do not weight commuter flows by the share of possible
routes passing by a particular gas stations.?! (ii) We consider different levels of informedness,
based on the number of stations sampled by each commuter relative to the total number of
stations in a local market, instead of assuming that commuters are perfectly informed about
all prices. (iii) We account for the fact that long distance commuters (might) pass through
many local markets and therefore pass by a larger number of gasoline stations. As commuters
passing by many gasoline stations are less likely to be attracted, these commuter flows receive
lower weights when calculating this alternative measure of information endowment. (iv) The
final alteration consists in using different values for the critical distance dist when assigning
commuter flows to gasoline stations.

The main result of our analysis - an inverted-U-shaped relationship between consumers’

2lFor each commuter flow from o to d we therefore assign weights wiod = 1 if station ¢ complies with
equation (5).
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information endowment and price dispersion - remains unaffected by these modifications.

5 Conclusions

We have shown that clearinghouse models generate an inverted U relationship between price
dispersion and the share of informed consumers. Past studies have relied on internet usage or
on a comparison of online and offline markets to examine the effect of consumer information
on prices. Using the fact that commuters can freely sample prices at gas stations along their
commuting path, we have provided a novel measure of the share of informed consumers in
the market for retail gasoline. We have found robust statistical evidence supporting the
information mechanism in clearinghouse models. We have also found that an increase in the
share of informed consumers lowers market prices. This latter result may be related to the
fact that, contrary to measures based on internet usage or adoption, our measure of consumer
information is unlikely to be related to how easy it is for firms to monitor each others’ prices

in a collusive setting.
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Appendix A. Proofs

Lemma 1. For all p € (0,1) and N > 2, let A(p fo T NaT NZN r. Then, p € (0,1) —
1’_41(4‘2)#) — I_T“ 18 strictly decreasing.

Proof. For all z > 0 and N > 2, let B(z) = 01 M@%, and notice that B(x) € (ﬁ, 1).

Then, A(u) = B (ﬁ) for all p € (0,1). Since £ is strictly increasing in p, it follows that

A(p)
1—A(p)

decreasing in = on (0, 00).

- 1—:} is strictly decreasing in p on (0, 1) if and only if g(x) = % — L is strictly
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Notice that for all z > 0,

1 NN—l
B'(z) = —/ © 5dz,
0 <1+Q}NZN71)

- x(Nl— 0 <1 —|—1xN N B(x)> ’ ®)

where the second line is obtained by integrating by part. Therefore, if we define

Wy, @) = x(Nl— 1) <1 +1:cN N y) ’

then B is a solution of differential equation ¢’ = ¢(y, z) on interval (0, c0).
For all x > 0, ¢'(z) = % + 2. Using equation (8), we see that ¢'(x) is strictly

negative if and only if P.(B(x)) < 0, where
P(Y)=2(1-Y(1+2N))+(1-Y)*(N—-1)(1+2N) VY €R.

P,(.) is strictly convex, and P, (1) < 0 < P, (ﬁ) Therefore, there exists a unique

I'(z) € (Hﬁ, 1) such that P,(.) is strictly positive on (ﬁ, I'(z)) and strictly negative on
(I'(x),1). I'(x) is given by

B T 4N(N —1)
F(m)_1+—2(N_1> (1_\/1+—1+xN )

Since B(z) € (757 1), it follows that ¢/(x) < 0 if and only if B(x) > I'(x).

Next, let us show that B(z) > I'(x) when z is in the neighborhood of 0, > 0. Applying

Taylor’s theorem to I'(z) for z — 01, we get:

ON? 22 6N3(1— 3N + 3N?) 2P ,
o —+ 0(37 )7
9N —12 (2N — 1)3 6

where o(z?) is Landau’s small-o. Differentiating B three times under the integral sign and
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applying Taylor’s theorem for x — 01, we get:

2N? g2 6N3 23

Bz)=1— T r
() TTON_12 3N_26

+ o(z?).

It follows that

B(z) - I(z) 2 (N317N3 — 27TN2 + 15N — 3 0(1)) |

(2N —1)3(3N —2)

Since N317gjvf_2;f§f;]§if§;3 > 0 for all N > 2, there exists 2z° > 0 such that B(z) — T'(z) > 0

for all z € (0, 2°].
Next, we show that B(z) — I'(z) > 0 for all x > 2. We will establish this by showing
that T is a subsolution of differential equation y' = ¢(y,z) on [z° 00). T is a subsolution of

this differential equation if and only if I'(z) < ¢(I'(x),z) for all z > 2°. T(x) — ¢(T'(z), x)

is given by

VA +Nz)(1+4N(N — 1)+ Nz) ((x +2)N — 1) — (1 +4N(N — 1) + 2N3z + N%Q)_

N
2(N —1)2(1 + Nz)y/(1+ Nz)(1 + 4N(N — 1) + Nz)

The above expression is strictly negative if and only if
(14 Nz)(1+4N(N = 1) + No) ((z + 2)N = 1)° = (1 +4N(N = 1) + 2N% + N*)* < 0,

The left-hand side is in fact equal to —4N?(N — 1)%z?, which is indeed strictly negative.
We can conclude: B is a solution of differential equation y' = ¢(y,z) on [2°,00), T is a

subsolution of the same differential equation, and B(z") > T'(z°); by Lemma 1.2 in Teschl

(2012), B(z) > T'(z) for all z > 2°. O
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Appendix B. Constructing Variables

Weighting commuter flows. To calculate the number of potential routes we have to identify
which stations are on the same route. Two stations 7 and j that comply with equation (5)
are on one route from o to d if the optimal route between the two municipalities which passes
through both stations is not excessively longer than the optimal route from o to d passing
through one station only. The stations are ordered based on their distance from the origin.
This implies that in the equation below, the indexes ¢ and j are assigned to these stations so

that d, < d,;. Both stations are on the same route if
disty; + dist;; + distjqg — min (dist,; + dist;q, dist,; + dist;q) < dist (9)

with dist;; as the optimal route between these two stations. Multiple stations are on the same
route if all pairs of stations comply with equation (9). If, for a particular commuter flow at
least one station complies with equation (5) then each potential route contains at least one
station.?? Two potential routes between o and d are viewed as separate if at least one station
located on one route is not included in the other (and vice versa). The weight of a commuter
flow from o to d assigned to station ¢, w; .4, equals the share of potential routes that include
station ¢ (and equals zero if ¢ does not comply with equation (5)). More formally, let R4
be the set of potential routes for a commuter flow from o to d. A potential route for this
commuter flow R,; € R,q, can be fully described by enumerating all the gas stations that
this commuter flow will pass along this route. The respective weight of the commuter flow

from o to d for station i, w; »q, can be characterized as:

1
Wi,od = m . Z licr,,

0d€Rod

Note that this shortest path algorithm is applied to transit commuters only, therefore

22We do not consider routes without stations when calculating these weights.
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wiod = 1 if station ¢ is located in either municipality o or d. The aggregated weighted number
of commuters for station ¢ is given by I, = > >, 2o WirodCod, With Cyq as the commuter flow
from o to d.

Market definition based on commuting patterns. In addition to delineating local markets
by (exogenously) chosen driving distances or by administrative boundaries, we determine
whether two stations are considered to be in the same market by means of the share of
common (potential) consumers, which we denote as relative overlap (ROL). Two stations
are considered to be within one local market if the share of common (potential) consumers
for both stations exceeds a certain threshold. Non-commuters are considered to be potential
consumers for two stations if both firms are located in the same municipality. A commuter
flow between o and d is considered to indicate potential consumers for both firms if the
commuter flow passes by both stations, i.e. both firms comply with equation (5). The

relative overlap between two stations ¢ and j is defined as:

Cons; A Cons;

Lz" -
ROL Cons; V Cons;

with Cons; (Cons;) as the number of potential consumers - including both commuters and
non-commuters - of station ¢ (j). We again construct a local market for each station: Station
i’s market contains station ¢ itself and all other stations j # ¢ as long as ROL;; exceeds a

particular critical value.
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Appendix C. Further Sensitivity Analysis
For Online Publication Only

In this Online-Appendix we show the robustness of the findings reported in the main part
of the article by altering the model specification in various dimensions, namely (i) by using
regular gasoline instead of diesel, (ii) by the way we delineate local markets, (iii) by analyzing
alternative samples and (iv) by applying different definitions to calculate the share of informed

consumers /.

Regular Gasoline (Table 9)

In the main text we focused on diesel as this is the most important fuel for cars in Austria.
The regression results using regular (unleaded) gasoline instead of diesel are reported in Table
9. The parameter estimates of u (u?) are positive (negative) in all model specifications and
statistically significant at the 5%-significance level in all model specifications. As with diesel,
we find the expected concave relationship in almost all model specifications when using
regular gasoline. The intersection-union test of Lind and Mehlum (2010) is rejected at the
5%- (10%) significance level in four (five) out of six model specifications. While we find
strong statistical evidence for an upward-sloping relationship between price dispersion and
information endowment at low levels of u, the downward-sloping relationship at high levels

of p is not significantly negative in all specifications.

Local Market Delineation (Table 10 — 13)

As using a particular distance to delineate markets is rather arbitrary we use administra-
tive boundaries (municipalities) and a different critical distance (1.5 instead of 2 miles) to
define local markets. The results on these alterations are reported in Table 10 and 11. In all
(all but one) model specifications the parameter estimates of u (u?) are positive (negative)
and statistically different from zero at the 5%-significance level. The intersection-union test

of Lind and Mehlum (2010) is rejected at the 5%-significance level for all measures of price
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dispersion when market delineation is based on municipality boundaries, but only in three
(out of six) specifications when markets are defined using a critical distance of 1.5 miles.
In those model specifications where the test fails to reject the null-hypothesis the peak of
the inverse-U appears rather late (at values of p of about 0.75), resulting in the downward-
sloping part at high levels of u not being statistically significant anymore. Nevertheless, the
concave relationship between information endowment and price dispersion is supported by
virtually all model specifications, while the inverse-U relationship is endorsed by 9 out of 12
specifications.

When using a market definition based on commuting patterns in the main part of this
article we take a critical relative overlap (ROL) of potential consumers of 50% to define
whether two stations belong to the same local market. As a robustness exercise we use
different threshold levels of 10% (summarized in Table 12) and 90% (reported in Table 13).
As in the main part of this article (see Table 7) the parameter estimates of u (1%) are positive
(negative) and statistically different from zero at the 1%-significance level for each measure
of price dispersion. Additionally, the intersection-union test is rejected at the 1%-significance
level in any specification, endorsing the interpretation of an inverse-U relationship between

information endowment and price dispersion.

Alternative Samples (Table 14 — 17)

For the model specifications summarized in Table 14 we exclude all stations located in
the three largest towns (besides Vienna) of Austria, namely Graz, Linz and Salzburg, leaving
only firms located in municipalities with less than 120,000 inhabitants in the sample. We do
so as our measure of information is based on commuter flows at a municipality level, which is
less precise in very large towns. Alternatively, we exclude all stations located on highways, as
competition between firms on and off highways can be expected to be lower than suggested

by the distance between these competitors.?® Evaluating these subsamples hardly affects the

23Note that this problem is mitigated as we use driving distance. Even if the linear distance between one
station on and one station off the highway is small, they are not considered to be in the same local market
if there is no exit close-by.
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results, as reported in Table 14 and Table 15: the parameter estimates of j and p? take the
expected signs and are significantly different from zero at the 1%-significance level for all
measures of price dispersion and for both subsamples. Additionally, the intersection-union
test is rejected (at least) at the 5%-level in each specification.

We exclude stations located in Vienna throughout the analysis, as Vienna has more than
1.5 million inhabitants and is therefore more than six times as large as the second biggest city.
Our data on commuting behavior within Vienna is therefore only a rough guess. However,
including Vienna does not change the main findings: The parameter estimates of p and
p? always take the expected sign and for all measures of dispersion (except the absolute
distance (AD)) the parameter estimates of these variables are also significantly different
from zero. The intersection-union test, however, is rejected only once (twice) at the 1%-
(10%-) significance level. These results are reported in Table 16.

We also follow Chandra and Tappata (2011) and restrict our sample to stations in local
markets with three or more firms only (i.e. to stations with at least two competitors where
prices are observed in the particular period). These results are summarized in Table 17:
Both the sign and the statistical significance of the parameter estimates of x4 and p? as well
as the intersection-union test support our main findings, i.e. that the relationship between

price dispersion and the share of informed consumers is characterized by an inverse-U.

Alternative Ways to Calculate p (Table 18 — 23)

In the last class of sensitivity analysis we provide alternative ways of constructing p. In
the first alteration we refrain from weighting the commuter flows by the number of potential
routes when calculating the share of informed consumers p. Technically, all transit commuters
are weighted by w; ¢ = 1 if station ¢ complies with equation (5). Again, as summarized in
Table 18, the parameter estimates of y and p? take the expected signs and are statistically
significant at the 1%-significance level for each measure of price dispersion. The intersection-
union test again supports the main finding of this article, namely that consumers’ information

endowment and price dispersion are characterized by an inverted-U shaped relationship.
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The second alteration in calculating p deviates from the notion of all commuters being
perfectly informed about all prices and assigns different “degrees of informedness” 7 to long-
distance commuters. The degree of informedness depends on the number of stations sampled

by each commuter flow in relation to the number of competitors in the local market. The

degree

respective measure of information endowment p;

; is calculated as

M;iegree _ Ut/ +3, Zd;éo Wi,odcode{od
Ui+ 1I;
with I; =%, >, 2o Wi,odCoa as the weighted number of commuters for station . w; ¢ denotes
the probability of the commuter flow traveling from o to d to pass by station i, as described in
section Appendix B. Additionally, each commuter flow is weighted by the degree of informed-
ness for the respective station i, TZ{Od, depending on the average number of stations the com-
muters drive past on their way to work and on the total number of stations in the local market.

Let 6;, = min(average # of stations observed by the commuter flow C,4, N™), then the

degree of informedness of a particular commuter flow 7/, is defined as 7/, = fvf,’f € |5, 1],
allowing for the information endowment of commuters to be “less than perfect” (i.e. 7/, < 1).
Following Varian (1980)’s and Stahl (1989)’s search models claiming that the non-shoppers
U; are completely uninformed, we assign 77 = 0.

The regression results using the variable 1997¢¢ based on different degrees of informedness,
are summarized in Table 19. For all measures of price dispersion the parameter estimates
on the linear and the quadratic term of ;%97 take the expected signs and are significantly
different from zero at the 1%-significance level. Additionally, the intersection-union test
is rejected at the 1%-significance level for each measure of price dispersion, suggesting an
inverted-U shaped relationship between price dispersion and information endowment.

In an alternative model specification reported in Table 20, we assume that non-commuters

. . . . U _ 1
have information on one price quote (i.e. 7,7 = ).

Again, the parameter estimates for
pdeoree and (ude9ree)? take the expected signs, are significantly different from zero at the 1%-

significance level, whereby the intersection-union test is rejected at the 1%-significance level
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for all measures of price dispersion. Note that the absolute size of the parameter estimates on
pdeoree and (ue97e¢)? increases considerably: as we assign a lower degree of informedness to
commuters on average (compared to the main specification, see Table 5) and a higher degree
of informedness to non-commuters the dispersion of the measure of information endowment
gets smaller, causing the parameter estimates to increase in absolute value.

In the fourth alternative specification we account for the fact that the number of stations
passed by differs between various commuter flows as well as between commuters and non-
commuters. This specification therefore considers that commuters passing by a particularly
large number of gasoline stations (compared to non-commuters and commuters passing by a
smaller number of stations) are less likely to be attracted, and that the probability that a
non-commuter refuels at a particular gasoline station declines the more stations are located
in the municipality. In this specification we assign weights to each commuter based on the
probability of his/her buying from a particular station if he/she randomly and uniformly
chooses a commuting route R,y € Roq, and then randomly and uniformly buys from one of

a

the gas stations in R,q. The weights wite**¢ for a commuter flow from o to d for station

can be expressed as the following equation:
alternative

1 1
4 - E ——
Wi od ‘Rod| |Rod| ERuq

Roq€ERoa

The weighted number of informed consumers for station ¢ can therefore be calculated as
Li=3%.>4 4o wgfjm“me(?od. Consequently, the weighted number of uninformed consumers
is the ratio between non-commuters and the number of stations in the municipality.

The regression results using the variable yalternative weights are reported in Table 21. Again,
for all measures of price dispersion the parameter estimates on the linear term of this mea-
sure of information endowment take positive signs, whereas the estimated coefficients on
the quadratic term take negative signs. All parameter estimates on polternative weights oy q

alternative weights ) 2

(1 are significantly different from zero at the 1%-significance level. The
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intersection-union test is rejected at the 5%-significance level for each measure of price disper-
sion, indicating an inverted-U shaped relationship between price dispersion and information
endowment.

In the main specification we choose a critical distance dist = 250 meters, i.e. a commuter
flow from municipality o to municipality d is assigned to station i if the driving distance
from o to d passing through station 7 is less than 250 meters longer than traveling from o
to d directly. In this final set of sensitivity analyses we use alternative critical distances in
defining the measure of information endowment p, namely dist = 50 meters (see Table 22)
and dist = 500 meters (see Table 23). Using a very narrow critical distance of 50 meters
results in the parameter estimates of ;1 and p? taking the expected sign, whereby the absolute
size of the parameter estimates gets somewhat smaller. The estimated coefficients of the linear
term are significantly different at the 1%- (5%-) significance level for five (all) measures of
price dispersion and the parameter estimates on the quadratic term are significantly different
at the 1%- (10%-) significance level in four (all) model specifications. The intersection-
union test, however, is rejected only twice (four times) at the 5%- (10%-) significance level.
Probably the mapping of gasoline stations is not accurate enough to assign transit commuters
correctly to gasoline stations if a very small value for dist is chosen. On the other hand, the
intersection-union test is rejected for all measures of price dispersion at the 5%-significance
level when using dist = 500 meters. As reported in Table 23, the parameter estimates take the
expected signs and are significantly different from zero at the 1%-significance level for p and
p? for all measures of price dispersion, supporting again our main finding, namely that the
relationship between price dispersion and the share of informed consumers is characterized

by an inverse-U.
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