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The Equilibrium Structure of Housing Prices”
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Abstract

This paper investigates whether neighborhood amenities are capitalized into housing
prices via a two-part tariff: an extensive margin price for housing of any size or quality
and an intensive margin price that raises the price per unit of housing services. A
stylized model shows that extensive margin pricing will emerge when there are frictions
(such as density regulations) to the allocation of housing across space. Using a data
set of housing transactions across markets of the United States, we show that two-part
tariff pricing is ubiquitous and especially pronounced in markets with high regulation
and older housing stock. Two-part pricing is relevant for hedonic estimation of local
amenities: in particular, ignoring it will understate the poorer households’ willingness
to pay for nonmarketed goods such as public schools.
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1 Introduction

Tiebout (1956) famously argued that there is a market-like process for allocating local public
goods, with local jurisdictions supplying them to attract residents, and with households
“voting with their feet” to find the jurisdictions with a desirable mix of amenities. But
this market analogy raises the question of just what serves as a price of those amenities.
Tiebout’s simple model assumed that it was non-distortionary head taxes. As with a price
in a well-functioning market for private goods, the head tax coordinates the distribution of
amenities: Households sort into communities based on their differing demands for amenities,
with high-demand households paying a higher tax and receiving more amenities, low-demand
types receiving less, and so on. But, households still must purchase housing, so there is a
two-part tariff: at the extensive margin, one must purchase a “ticket” to enter the community
and receive its benefits (the head tax), and then one must purchase land and housing, with
bigger houses costing more at the intensive margin.

Of course, in the real world, jurisdictions typically use property taxes, an ad valorem
tax. This would seem to imply there is only a single gross-of-tax price of housing, with
no two-part tariff as in Tiebout’s model. Accordingly, most economists doing empirical
analysis of Tiebout models have ignored the role of tickets at the extensive margin. This
includes hedonic price regressions, which often use a semilog functional form that restricts
amenity values to be a constant percent of housing values (Avenancio-Leén & Howard, 2022;
Banzhaf, 2021; Bishop et al., 2020, e.g.). It also includes structural models of locational
choice, which almost invariably assume prices are proportionate in some bundle of housing
services (see e.g. Kuminoff, Smith, & Timmins, 2013, for a review). This departure from
Tiebout’s idealized model gives rise to a potential “jurisdictional choice externality,” in which
households seeking high amenities can free ride on neighbors by buying the smallest house
on the block (Calabrese, Epple, & Romano, 2011).

Hamilton (1975, 1976) extended Tiebout’s model to account for just such issues (see also
Fischel, 2001, for discussion). He suggested that zoning and other land-use restrictions can
prevent such distortions by restricting access to a community, preventing over-crowding. The
restrictions create a community-level price that mimics Tiebout’s head tax. Empirically,
Glaeser and Gyourko (2003), Glaeser, Gyourko, and Saks (2005), Gyourko and Krimmel
(2021), and Turner, Haughwout, and Van Der Klaauw (2014) have confirmed that building
restrictions do increase housing prices, especially at the extensive margin. However, they
do not consider how this mechanism affects the capitalization of amenities in prices across
communities.

In this paper, we clarify how and when land-use restrictions create tickets and show that



they can fundamentally change the way amenities are capitalized into local housing values in
ways that have not previously been considered. In short, in the presence of such restrictions,
amenities can be capitalized into the tickets as well as into unit prices for land or housing
services.

Beginning with a theoretical model, we show that the presence of tickets—and capital-
ization of amenities into them—depends on land-use restrictions that bind on the number
of lots (or housing units) in a neighborhood. Regulations that bind only on other dimen-
sions, such as minimum lot sizes, are not likely to generate such tickets. To our knowledge,
this point has not previously been recognized. Nevertheless, in practice, there are myriad
frictions—zoning of use, regulatory constraints to new housing, durability of past housing
investments, and the like—that do bind on the number of housing units. Hence, one is left
to expect that tickets will frequently show up in the housing market.

To test our theory, we compile a data set of over 140 metro areas in the United States,
with observed transaction prices and property attributes (such as land and structure sizes),
placed into over 20,000 neighborhoods defined by elementary school attendance zones. We
derive the pricing functions for these neighborhoods under alternative assumptions about
the nature of housing services. Then, in a final step, we use data on local amenities (school
achievement scores in addition to environmental and other spatial amenities), to estimate
the extent to which neighborhoods are priced by quality according to shifts in levels (tickets)
or per unit of services.

We find that, overall, amenities are capitalized more into ticket prices than per-unit
prices of housing services. In an average U.S. market, moving a median-sized property from
a neighborhood at the 25th percentile of amenities to the 75th percentile increases the price of
the home by 20 percent, 87 percent of which is due to the higher ticket price in the premium
neighborhood. Moreover, in line with our theory, capitalization into tickets is greater in
markets with more stringent zoning regulations. For a more heavily regulated market, the
premium for the “nicer” neighborhood is 27 percent, nearly all of which is due to the higher
ticket price. This general result is robust to alternative specifications of housing services and
alternative measures of land-use restrictions, taken at the metro level or more local level.
However, consistent with our theory, we find less effect from minimum lot size restrictions
when we parse them out from other land-use restrictions. We also find that markets with
an older housing stock, which may be another kind of de facto friction on land uses, also
capitalize amenities more into tickets.

Our findings have at least three implications for our understanding of housing markets and
capitalization. First, they clarify the effects of land-use restrictions—specifically how their

equilibrium effects on prices vary by small and large housing units, low- and high-amenity



areas, and the interaction of the two. Second, they suggest that many standard hedonic
models are misspecified. Often, these models regress the log of housing values on observable
characteristics. This specification imposes the restriction that a change in amenities affects
prices multiplicatively, or in percentage terms, which will be incorrect if there is capitalization
into tickets. Similar problems plague any structural model of locational choice that ignores
community-level extensive margin prices.

Third, our findings have important distributional implications. Common methods that
forced proportionate effects mechanically imply that buyers of large properties (typically, the
rich) have higher willingness to pay (WTP) for amenities. In contrast, capitalization into
tickets implies a constant premium for amenities paid by all households, regardless of house
size. Acknowledging the existence of tickets implies both that the poor are paying more for
amenities than standard models imply and that, therefore, by revealed preference, they are
willing to do so.

We illustrate these insights with both simulations and with an empirical application to
public schools. In our application, we estimate border-discontinuity models (Bayer, Ferreira,
& McMillan, 2007; Black, 1999) to recover the implicit price of a unit of school quality (as
measured by achievement) separately for all the available metro areas in our data. In one
version of estimation, we use a typical semilog model, with logged price as the dependent
variable; in others, we use price levels as the dependent variable and allow for ticket and slope
capitalization, using nonlinear models that nest the semilog model as a special case. We find
a pattern in line with our theory. In the two-part tariff models, we find that the premium
is only slightly increasing in the size of the home, whereas the semilog models imply a steep
gradient of the premium with respect to property size. We also show that, consequently,
the semilog model ascribes a much lower value to school quality for occupants of smaller
homes. Thus, we show that ignoring tickets, as the standard semilog hedonic model does,
has substantial implications for findings about distributional disparities.

The rest of the paper proceeds as follows. Section 2 presents a model of housing market
capitalization to demonstrate how and why two-part tariff pricing will emerge in equilibrium
and how it affects capitalization of amenities. Section 3 describes the data in our empirical
application, and Section 4 our strategy for recovering the pricing function of neighborhoods.
Section 5 presents our results testing for the existence of two-part pricing in U.S. hous-
ing markets. Section 6 provides an empirical application to the valuation of public school

improvements. Section 7 concludes.



2 Conceptual Framework

In a pair of influential papers, Hamilton (1975, 1976) argued that zoning could replicate
the head tax present in Tiebout’s (1956) model, thus internalizing the jurisdictional choice
externality. Hamilton (1975) offered a model in which the number of jurisdictions was large
relative to the population, so minimum lot sizes induce perfect sorting across communities,
which are internally homogeneous with respect to lot size and demand for amenities.! In
contrast, Hamilton (1976) offered a model in which communities had an exogenously set
heterogeneous stock of housing, and fiscal transfers created a premium for smaller houses.
These papers have provided tremendously important insights and sparked fruitful debates.
But, in our view, the literature’s long focus on those special cases has underestimated the
generality of the insights while also obscuring the specific factors that generate tickets.

In this section, we generalize those models while isolating the key factors that generate
tickets. First, to set a baseline for comparison, we consider a hedonic equilibrium with finite
land supply but no frictions to housing supply whatsoever. Then, to see the precise effects
of land-use controls, we distinguish between two cases: restrictions constraining the total
number of lots (or housing units) and restrictions constraining the minimum size of lots.
We argue that it is restrictions on the total number of lots that induce two-part pricing
with “tickets,” whereas minimum lot sizes do not generate tickets except in the special case

emphasized by Hamilton, where the two are equivalent.

2.1 Hedonic Equilibrium with No Land-Use Controls

Consider a city with distinct neighborhoods indexed 1...n...N, as well as an outside option,
location 0. The outside option has a perfectly elastic supply of land available at a given price.
In the city, neighborhoods are ordered by a scalar-valued composite of exogenous amenities
and local public goods, GG,,. Each neighborhood in the city has a fixed land area. To focus
attention on the (realistic) case where land-use restrictions prevent an optimal configuration
of lots, we take as given an initial situation where each neighborhood is carved in an arbitrary
number of lots, each of arbitrary size.

On the demand side of the land market, a finite, countable set of heterogeneous house-
holds 1...i...1 have preferences that are monotonic in G, land consumption A, and numeraire
consumption k. These preferences can be represented by a strictly increasing differentiable
utility function w;(k, G, h). Households choose the neighborhood n and lot [ which maximizes

their utility, given a (possibly non-linear) price function over lot size in the neighborhood,

1See also Brueckner (1981, 2023) for an extension and rigorous proof of Hamilton’s results.



Pin = Pn(hun). (Note that because G,, is uniform within neighborhoods, its effect on prices
comes entirely through the neighborhood-specific price function.) The equilibrium price
function ensures that each lot is occupied. Given the utility function, the pricing function
is continuous and increasing in A within a neighborhood, and at a given h, increasing in G
across neighborhoods. This equilibrium represents the standard hedonic model. We assume
for exposition that each price function is differentiable in h, but this is not necessary.

Now consider the possibility of assembling or subdividing lots. Developers serve as arbi-
trageurs who can buy land from existing lots and add land to other lots, or create new ones.
Consider first for purposes of comparison the case with no land controls and fully malleable
lots. An equilibrium price function must equalize the marginal value of land at each lot
within a neighborhood, otherwise developers would arbitrage the difference by re-allocating
land from a lot where its marginal value is lower to one where it is higher. Likewise, this
marginal value must be equal to the average value of a lot (e.g., dollars per square foot).
Otherwise, if the marginal value were higher than the average value, developers could make
profits by assembling land so the neighborhood had fewer, larger lots. Alternatively, if the
marginal value were lower than the average value, developers would subdivide lots to cre-
ate more, smaller lots. Thus, without land-use restrictions, the following two equilibrium

conditions must hold:

%\hln = B, for all [,n (1)
8 n n
8_12‘}”” = % for all I,n (2)

for some constant 3, > 0. The first condition is the equimarginal principle operating on the
intensive margin. The second is the free-entry condition at the extensive margin.

Integrating equation (1) gives
Din = Qi + Bnhln (3)

for some constant of integration «,. Dividing by square footage gives pi,/hin = aun /b + Bn-
Equation (2) then requires a,=0 except in the degenerate case where hy, is a constant h,,,
precisely the special case considered by Hamilton (1975), Brueckner (1981), and Brueckner
(2023).

Consequently, p,(hi) = Bnhin. That is, because of the no-arbitrage condition at the
extensive margin, there are no tickets in the community—for if there were, the average
value of land would be higher than the marginal value and developers would re-arrange

land into more lots. Instead, there is a single price per square foot in the neighborhood,



B,. Additionally, the price per square foot across neighborhoods must be strictly increasing
in G. Otherwise, as utility is increasing in G, no households would choose to live in the
neighborhood with lower G and higher prices.

This model represents the consensus view of hedonic pricing, with amenities capitalized

into the per-unit price of land or housing.

2.2 The Effect of Reconfiguration Costs on the Hedonic Equilib-
rium

We next relax the assumption of full malleability. In reality, there are numerous regulations
that effectively limit the number of lots in a neighborhood. One straightforward example
is the case of transferable development rights (TDRs), which set a quota on the number
of allowable lots and allow these quotas to be traded in the market (McConnell and Walls
(2009)). Another specific example is a requirement for low-income housing or other rules that
force a particular mix of small and large housing units in the same neighborhood (and prevent
arbitrage). More broadly, one can imagine myriad rules preventing the construction of units

2 or generally inhibiting stock adjustment, locking in

(e.g., density or height restrictions),
buildings or divisions of land now out of equilibrium (historical preservation requirements,
difficulty obtaining permits, holdup problems, etc.). Such frictions effectively restrict the
number of housing units.

In this case, the higher cost of land in a high-G neighborhood, which emerged in Sec-
tion 2.1, cannot guarantee that the price clearing the land market results in the number of
lots being equal to the constrained number. There may be “too many” small lots. In general,
there are now two equilibrium conditions to meet, market clearing in the number of lots as
well as in total land, and one price alone cannot guarantee both conditions are met. To the
contrary, the additional quantity constraint on lots creates a shadow price on lots per se.

To see this, consider some neighborhood n > 0 with a binding constraint on the number
of lots. Conditional on the number of lots, equilibrium condition (1) still is satisfied, i.e.,
Opn /Ol = Bn, otherwise developers could increase their profits by redistributing land from
one lot to another (without changing the number of lots). Thus, Condition (3) also is
satisfied, so p;, = a, + B,h;, for some constant of integration «,. However, equilibrium

condition (2), marginal versus average price, is no longer satisfied. Instead,

apn/ahln < pln/hl,n~

ZNote that here we mean restrictions on units in the neighborhood-e.g., single family zoning only-not
necessarily minimum lot size restrictions.



The marginal value of land at the intensive margin is lower than its value at the extensive
margin, so developers would like to shrink the lots (in size) to create new ones (in number),
but they are restricted from doing so. As a consequence, the average value is shrinking in
the lot size, which requires a constant term c,, > 0 in the price function, or ticket (Glaeser
and Gyourko 2003; Glaeser et al. 2005; Gyourko and Krimmel 2021; see also Glaeser and
Gyourko 2018 for a review). The ticket is the shadow value of the constraint on the number
of lots.?

Crucially, we should expect ticket prices to be increasing in GG. To see this, consider
an equilibrium in which G,, = G, .1 and binding constraints on the number of lots create
tickets in both neighborhoods. Now imagine an increase in G,,;1. Unless land demand is
strongly complementary to GG, we would not expect much increase in land demand from
current residents in n + 1. But with higher G and no increase in land prices, we would
expect more people to want to enter n + 1 (and fewer to enter n). This will increase the
ticket price in n + 1 relative to n.* Thus, amenities can be capitalized into tickets as well as

into housing services.

2.3 The Effect of Minimum Lot Sizes on the Hedonic Equilibrium

Consider finally the case where the city adopts land-use controls in the form of a minimum
lot size h and where this restriction is binding at least at some lots in at least some neigh-
borhoods, but not necessarily all. The case where it is never binding is obviously equivalent
to the fully malleable case. The case where it is binding on all households is effectively a
constraint on the number of lots, as it is impossible to take land from anywhere and form an
additional lot. This degenerate case is thus like the model of the previous sub-section, but
with lots of homogeneous size.

In the general case, lot size restrictions may affect density in equilibrium, but they are
not binding on density, in the sense that the equilibrium number of lots is less than the total

land area divided by h. Moreover, developers still can re-arrange land to ensure conditions

3Hamilton (1976) provided one explanation for why such lock-in induces tickets: fiscal transfers. Households
in small lots receive the same local public goods as those in large ones, but with a lower property tax burden,
creating an incentive to buy the smallest house on the block, which bids up the price of small houses. Our
model with exogenous G indicates such transfers are not necessary for the emergence of tickets.

4In principle, we cannot rule out a second-order feedback effect through changes in the sorting equilibrium,
which may undermine the above logic. As the population characteristics change in n + 1, land demand
may increase enough to increase land prices, and hence feedback on the desire to enter the community,
depressing ticket prices. Nevertheless, tickets are still important for clearing the market, even in that case,
meaning the consensus view of hedonic pricing is misspecified. We conjecture that the first-order effect
dominates and that, in the presence of restrictions on the number of lots, G will be capitalized into tickets,
a conjecture ultimately testable in our empirical section.



(1) and (2) are met. (If h is not binding at all lots, developers can re-allocate land to increase
profits.) Thus, we still have p, (h,) = B,h,. That is, our theory predicts minimum lot sizes
are the exception to the rule that land-use restrictions can create tickets.

This point may be surprising to some, given the influence of Hamilton (1975), which
showed that minimum lot sizes mimic a head tax. However, that paper presents the special
case in which the constraint is binding on everybody in a neighborhood, so all housing
demands collapse to a single point. As noted above, in that special case, minimum lot
sizes are identical to restrictions on the number of housing units. Additionally, since all the
housing units collapse to a single point in characteristics space, one could draw any number
of hedonic price functions through that single point. Appendix A provides additional details
on this point, as well as a model of a household’s optimization problem, which clarifies in
what sense a minimum purchase requirement is equivalent to a two-part tariff in this case.

Whether (,, increases or decreases in this scenario is an empirical question, even abstract-
ing from any effects of lot size restrictions on amenities such as green space and congestion
(Glaeser and Ward (2009), Ihlanfeldt (2007)). On one hand, the restriction per se reduces
the utility a household can achieve in the neighborhood, reducing land demand at the ex-
tensive margin; on the other hand, by its nature, it requires that more land be consumed
by the constrained households, which is equivalent to a reduction in supply faced by the
unconstrained households. If neighborhoods are sufficiently different and if a large number
of people are at the constraint, we would expect housing prices to increase, as we find in our

simulations below.

2.4 Simulations

We illustrate these predictions with policy simulations. We consider a city with two neigh-
borhoods, each with land area fixed at 3,333 units and with G; = 1 and G = 1.5. An
outside option (alternative city) is available with a fixed land price at $12,000 per unit and
Gy = 0. We simulate 10,000 households ¢ with utility function,

u; = (1 —6;)In(z) + 6;ln(h) + ¢;G, (4)

with heterogeneity in household utility according to preference parameters index by 7. Sub-

stituting the budget constraint and price function for z yields the indirect utility functions

v; = max (1 — 0;)In(y; — o, — Buhy) + 0iln(hy) + 6:Gy. (5)

n,hn

In our simulations, we allow heterogeneity in income and tastes, with y; ~ u(40000, 100,000),



Table 1: Summary Statistics from Simulations

Attribute Neighborhood Scenario 1 Scenario 2 Scenario 3
' ' 1 3,075 4,037 4,036
Housing Units 9 6,323 4,416 4,036
’ 1 1.08 0.83 0.83

Avg Lot Size 2 0.53 0.75 0.82
. 1 19,956 25,045 19,990
Price of Land 9 38,713 43,889 21,419
. . 1 0 0 6,439
Price of Ticket 9 0 0 20,156
1 69,719 60,778 62,432

Mean Income 9 70,213 79,052 79,229
1 0.31 0.29 0.30

Mean 6 9 0.29 0.30 0.30
1 0.29 0.44 0.46

Mean ¢ 2 0.64 0.67 0.69

NOTES: The table displays output from the equilibrium obtained numerically in simulations as described in the main text.
Source: Authors’ calculations on simulated data.

0; ~u(0.2,0.4), and ¢; ~ u(0.1, 0.9).

We consider three different land-use scenarios. In the first scenario, there are no restric-
tions. In the second, we introduce a minimum lot size in the city (i.e., in n = 1,2) of 0.75
units, designed to bind on some but not all households. In the third, we replace the min-
imum lot size restriction with a restriction on the maximum number of lots (calibrated to
be the same as the number of lots in Neighborhood 1 in the second scenario’s equilibrium).
Table 1 and Figures 1-3 summarize the outcomes across the three scenarios. In the figures,
the horizontal axis indicates the size of the lot and the vertical axis indicates its value. The
dots represent the lower and upper bounds of the support over h in each community, plus a
1-in-20 sample of lots in between.

Table 1 and Figure 1 show that, in Scenario 1, the price of land is almost twice as high
in Neighborhood 2 as in Neighborhood 1 and there are of course no ticket effects. The table
also shows that households with higher ¢ (i.e., higher tastes for public goods) sort into the
high-G neighborhood, as we would expect. The total number of residents is 9,398, or almost
the entire population, with about two-thirds living in the high-G neighborhood.

In Scenario 2, the minimum lot size reduces the total population in the city to 8,453
and especially reduces the density in the high-G neighborhood. Land prices increase in
both neighborhoods. Moreover, the heterogeneity in lot sizes decreases, as can be seen in
Figure 2 (where the vertical line indicates the minimum lot size), but it does not collapse

to zero, with the lot size restriction remaining non-binding on about 35% of households in



Figure 1: Simulation 1: No Land-Use Controls
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NOTES: The figure plots housing values to lot size for the simulated equilibrium under no land-use restrictions. Each point
represents a housing unit, and lines are drawn for each community, extending through the vertical axis for visual reference.
Source: Authors’ calculations on simulated data.

Neighborhood 1 and 8% of households in Neighborhood 2. (Indeed, average lot size actually
falls in Neighborhood 1, as migrants from Neighborhood 2 and the constraint on low-demand
types increases the price for unconstrained households.)

Finally, in Scenario 3, we see the introduction of entry tickets, as the extensive mar-
gin price is now necessary to satisfy the condition on the number of lots in additional to
equimarginality. At these parameters, we also see land prices falling and the difference
between prices in the two neighborhoods collapsing, but in general, this will depend on

preferences and incomes of the households in the economy.

2.5 Housing Structures

For simplicity, we have been allowing land to represent housing services, entering the utility
function directly. In this sub-section, we briefly extend the model to show that the intuition
still holds when households demand housing services more generally, using land as an input.

Suppose that housing services are produced from land and capital inputs, that land prices
continue to have a price at the extensive margin («) and at the intensive margin (py, ), and
that the price of physical capital (bricks, etc.) is constant at px. Suppose in particular that

housing services are produced according to a CES production function:

h = (L + KP)Y?. (6)
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extending through the vertical axis for visual reference. Source: Authors’ calculations on simulated data.

Figure 3: Simulation 3: Maximum Number of Lots
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NOTES: The figure plots housing values to lot size for the simulated equilibrium under a restriction on the quantity of units
in each neighborhood. Each point represents a housing unit, and lines are drawn for each community, extending through the
vertical axis for visual reference. Source: Authors’ calculations on simulated data.
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Then, by cost-minimization, the cost of producing a house of size h is
c(h) = ap + h- (P27 4 ppl =Dy 1/e, ()

recognizing that the price must be paid at the extensive margin as well as for construction.
In this case, the price function remains linear in housing services h, with the unit price of
h increasing in the unit price of land (pr,). Significantly, the model is like the simpler
land-only model, with an extensive margin for a housing unit «,, and a unit price of housing
services f3,, where 3, = (pﬁ{ T(lp 4 p’I)(/ (p_l))(p_l)/ . The only difference is that those services
are produced by a bundle of land and capital.

In practice, of course, we do not observe “housing services” per se, but rather a set of
indicators like lot size, living area, and bathrooms, which could have a mixed interpretation
as inputs and outputs. Accordingly, in our empirical test of the model, we follow the stan-
dard practice of flexibly estimating a housing services function from the observed hedonic
variables.

We also acknowledge the possibility that the production function for housing could be
more complicated than this CES example, giving rise to non-linearities in h. In general,
we cannot non-parametrically identify a non-linear price function of p(h) separably from a
non-linear housing services function h(z), a point emphasized by Epple, Quintero, and Sieg
(2019) and Landvoigt, Piazzesi, and Schneider (2015). Notably, we do not observe the limit
of housing prices as lot sizes or dwelling areas shrink to zero (leaving only tickets). However,
our goal is more modest: to characterize how such a composite function varies across neigh-
borhoods with varying G, and how this variability differs by land-use restrictions—mnamely
whether they shift up the whole function by a constant or tilt up the slope on average.
Significantly, if what we identify as tickets in our model were driven by construction costs
or were merely helping fit a non-linear price function, we would not expect these patterns in

capitalization of amenities to vary by land-use restrictions.

3 Data

This section summarizes the data we use to test our theory of how land-use restrictions affect

the hedonic equilibrium.
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3.1 Housing Data

Property Information and Transaction Prices. The main source of data is a national
register of home sales paired with property characteristics. The data provider is CoreLogic.?
The data are drawn from public records of deed transactions and property tax assessments,
the former containing sales prices and the latter containing attributes including location
and property characteristics such as lot size, living area, units in structure, year built, and
counts of rooms. CorelLogic provides a unique property identifier that facilitates a merge
of the deed transactions to the tax assessment data. The data include detailed spatial
information, which allows us to place the properties into local housing markets—typically,
metro areas as defined by core-based statistical areas (CBSAs), and then neighborhoods
within these markets.® Property locations are the latitude and longitude coordinates of the
parcel on which the structure sits. We use property transactions from 2005-2012, with all
prices in our models converted to 2010 levels using the metro area price index from the
Federal Housing Finance Agency. This timeframe is driven by the availability of school
attendance and performance data, described below.

We focus our analysis on single family homes and therefore exclude multifamily struc-
tures.” Single family properties are the most common structure type in the U.S. and are more
likely to be owner-occupied. But our main reason for doing this is to ensure the property
data have a reliable measure of the amount of land occupied by the structure.

We further process the data to remove non arms-length sales and properties missing key
attributes. In some cases, the property attribute is missing for all properties in the county;
for example, if the county tax assessor does not collect the number of bathrooms. In that
case, we maintain the properties in the sample, but the missing data may cause the market
to be dropped from a model that requires the information for a measure of housing services.
Hence, not every market will be in every housing service model. We also exclude outliers
with apparently erroneous or highly unusual attribute or price information. Specifically, we
exclude prices below $10,000 or above $5 million, lots below 500 square feet or above 5 acres,

and properties below 500 or above 10,000 square feet of living area.

°The data are made available under a license to the Federal Reserve System. Because these derive from
public records, the same or similar data are available to other researchers through a variety of sources.

6We break apart the three largest metro areas: New York City into its New York state and New Jersey
components, Los Angeles into Los Angeles and Orange counties, and Chicago into Cook County and its
surrounding suburban counties.

"Specifically, we exclude any property that reports more than two units or fails to report lot size. This rule
admits properties that are approximately single family equivalent but may have a second unit available,
such as duplexes or “twins,” or homes with basement apartments, in-law suites, and the like. We control
for the number of units in all property level regressions.
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Summary statistics can be found in Appendix Table E1. The table shows the number of

properties, transactions, and mean price by city.

Replacement Cost Estimates. One of our model specifications adjusts the value of the
property by the replacement value of the structure. Our replacement value estimates come
from construction cost summaries provided by RSMeans, a provider of cost estimates to the
construction industry. We match these replacement cost estimates to properties by year of

transaction and size category.®

3.2 Local Amenity Data

We assemble data on local amenity offerings from several sources, beginning with schools,

by which we define a property’s neighborhood.

Public Schools: Location. We define neighborhoods by their assigned public schools. We
choose this definition for two reasons. The first is the importance of school quality to many
households and its attention in the literature in urban economics and local public finance.
The second is the fine geography of school attendance zones, which varies discretely at well-
defined boundaries, whereas other attributes vary more continuously through space. Indeed,
this fact is the basis of boundary discontinuity research designs in the empirical literature
on WTP for school quality (Bayer et al., 2007; Black, 1999; Zheng, 2022).

This neighborhood definition requires information on public school assignment, which we
obtain from two sources. Most useful are boundary attendance zones maps from the School
Attendance Boundary Information Network System (SABINS). Using the SABINS shapefiles
and properties’ latitude/longitude coordinates, we place each property into its allotted school
attendance zone. These data are most complete for the 2009-2010 school year, which drives
our sample selection decisions.

The geographic coverage of SABINS is extensive but not comprehensive, and parts of
some cities do not have complete maps. For remaining properties without a boundary-
defined attendance zone, we use a two-step procedure. First, we place the properties into
school districts using maps from the U.S. Census Bureau. Next, we use school address
data from the National Center for Education Statistics (NCES) to map each property to its
closest elementary school within the boundaries of its district. Table E1 in the data appendix
reports how many properties are matched to schools using attendance boundary files versus

the district and nearest-school method.

8Size categories are defined in 200 square foot bins from 1,200 to 2,200 square feet, plus 2,200-2,600, 2,600-
3,200, and above 3,200. The 2,000 square foot category is additionally matched by one and two story
structure options. (Smaller properties have one story only and larger have two story only.)
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Public Schools: Quality. We use test score proficiency reports from the NCES as a mea-
sure of school quality. The NCES reports the percent of students achieving a score of passing
proficiency on annual statewide exams.” Our main metric of school quality is the percent
passing fourth grade math proficiency (the earliest widely available grade level). Hence, our
school boundaries focus on schools containing a fourth grade class. Math and reading scores
are highly correlated, so we adopt one of them as an index of school quality. Because exams
may vary between states, we standardize to a z-score within the state, meaning achieve-
ment is judged relative to other fourth graders in the state using the same exam. Appendix
Table E2 reports the (unstandardized) mean and standard deviation of proficiency scores

across neighborhoods in our sample.

Environmental Quality. We use two measures of local environmental quality, air pollution
and hazardous waste exposure. For air pollution, we use Environmental Protection Agency
(EPA) monitoring data on the number of ozone non-attainment days—that is, the number
of days the monitor reported an excess of a safe level of ozone—in the year 2009. For each
neighborhood, we linearly interpolate the three closest monitors, weighting by the inverse of
the distance.

The second measure is the proximity to toxic waste sites as defined by the EPA’s National
Priorities List (NPL, often known as “Superfund” sites). We use the count of NPL sites

within five kilometers.

Urban Centrality. To account for a neighborhood’s job and cultural amenity access, we
measure its distance to its metro area’s central business district (CBD). We define the point
of the CBD by the location of city hall for the largest city in the metro area, which we
located manually using Google Maps.*’

Because all the amenities are in different units, we standardize each measure to a z-
score for comparison. Appendix Table E2 reports the (unstandardized) mean and standard
deviation of environmental quality and urban centrality measures for neighborhoods in our

sample.

9For schools with small numbers of students taking such exams, the passing proficiency data are reported in
intervals, and the smaller the pool of students, the wider the interval. We limit to schools with intervals no
larger than 20 percentage points and take the midpoint of the reported interval as the measure of passing
proficiency.

0For a few cities with multiple large cities, such as Dallas-Fort Worth, we use the closest large city to the
neighborhood. We obtain similar results when defining the CBD by the tallest building in the largest city
in the metro area.
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3.3 Regulations and Frictions

Zoning. Our measure of regulatory stringency is the Wharton Land Use Regulation Index
(WRI) from Gyourko, Saiz, and Summers (2008). This has become a standard data set for
much of the urban economics literature on zoning. The WRI is based on a survey of local
land use planning officials, who are asked about minimum lot sizes, impact fees, time to
permit, the prevalence of environmental study requirements, and the like.

The aggregate WRI is a composite of several subcomponents, and Gyourko et al. (2008)
provide suggested weights for summarizing the subindices. In our baseline specifications, we
use the composite WRI, but additional specifications split out density restrictions from the
rest of the composite index using the weights provided by Gyourko et al. (2008).

The survey is conducted at the municipal level (i.e., the city or other political unit issuing
permits for construction). In some specifications, we use the raw WRI at the municipal level.
However, not every municipality in a metro area is covered by the survey, which in our case
leads to a substantial loss of neighborhood data. Gyourko et al. (2008) suggest aggregating
to the metro area level, which we do via weighting by the land area of the municipality. Our
baseline specification uses the metro level WRI.

All regulation scores are normalized to have mean zero and unit variance within the cities
in our sample. Appendix Table E3 includes the average WRI index by metropolitan area

and the availability of neighborhoods with covered municipalities.

Historical Development. In addition to de jure regulation, we investigate whether existing
development creates a de facto regulation by fixing the housing stock in place. To measure
this kind of friction, we quantify how much of a market’s housing was developed in the
distant past, many years before the transactions in our sample. For this, we use county-level
census data. Our preferred metric is the fraction of housing in the 1980 census that was
constructed before 1970. This definition provides a metric of how developed an area was in
the past, without intermingling the amount of new construction occurring within our sample

period. Appendix Table E3 includes the average share of old housing by metropolitan area.

3.4 Sample Definition

To summarize, our data cover transactions occurring between 2005 and 2012 for properties
with viable attribute information. The properties are in metro areas covered by the WRI
and can be placed into school attendance zones by at least one of two mapping methods. Our
discrete neighborhood definition is according to the school attendance zone, and the school

must have sufficient test score data. All told, we have roughly 17.3 million transactions from
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141 metro areas located into neighborhoods.

We recover neighborhood-level pricing functions. If, after the sample selection just de-
scribed, any neighborhood has fewer than 30 transactions, we group it into a residual neigh-
borhood. Because the residual is an artificial place, it is excluded from regressions that

require amenity data.

4 Empirical Model

We test our theory of two-part tariff capitalization by an empirical study of the pricing
functions of neighborhoods in our national sample. We approach this task in two stages.
First, we recover the implied intercepts and slopes for each neighborhood in each city in the
data. Second, we relate these intercepts and slopes to an index of neighborhood amenities
to elicit the contribution of tickets to the capitalization function relative to slopes, testing

how the contribution varies with market-level frictions to housing provision.

4.1 Two-Stage Model

The first step is to estimate, market by market, the pricing function for each neighborhood.

We estimate the following nonlinear model:

Pien = [acn + exp(ﬁcn + Hi)]eica (8)

where p;.,, is the observed transaction price of property 7 in city ¢ and neighborhood n. The
ticket price is ap,. Mathematically, it is an intercept (i.e., the price at no housing service),
but as such a point is outside the support of the data, it is better interpreted as a parallel
shift of the price function. f., is the slope price, as it determines the rate of increase of price
as the property increases in size. Note the a’s are in dollars while (the exponent of) the 3’s
are in dollars per unit of housing services.

We take the exponential of housing services because this functional form nests the semilog
model: when o = 0, In(pien) = Ben + H;, where the (., would be neighborhood fixed effects
in the semilog model and the H; is some estimated function of housing services.!' This
restricted model is routinely used in hedonic modeling (e.g. Avenancio-Leén & Howard,
2022; Banzhaf, 2021). Our generalized functional form also imposes a constraint that prices
be non-decreasing in the amount of housing services. Our main results are robust to using

a simple linear model without the exponential function (see Appendix B).

HTypical notation for a hedonic model with prices p and housing attributes X is in(p) = a+bX. In equation
(8), we represent a by 5 and bX by H.
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Note that each parameter is indexed by n, because we recover each of the two parameters
for each neighborhood in the data. These thousands of parameters then become the data

points for our second stage estimation, which runs the following nonlinear model:

Qe =0, + (1 + . Z,) -G (9a)
exp(Ben) =B + (Bo + B=Ze) - 7' G- (9b)

The second stage model recovers:
(i) An average ticket and slope for each market, respectively, «. and S., to account for
differences in price levels across metro areas, the direct effects of city-wide amenities like
climate, and the direct effect of zoning and other market frictions previously studied by
Glaeser and Gyourko (2003) and others.
(ii) The direct effect of an index of neighborhood-level amenities, v'G,,, on tickets and slopes
respectively, captured by the first terms in parentheses, 1 and 3,.!2
(iii) The interaction effect of how housing market frictions in the city, Z., affect the relative
capitalization of amenities into tickets or slopes, represented by a, and (., respectively.
These terms are the key to our theory about the impact of frictions on capitalization by
tickets. If tickets are real, then increased frictions in the wider market should lead to more
stratification through tickets among neighborhoods. If o, > 0, a higher regulatory index
exhibits more capitalization through tickets.
(iv) The index of neighborhood public goods and amenities, v'G. However, without quasi-
experimental variation, we do not claim that y represents marginal WTP. We jointly estimate
this model with the cross-equation restriction that the « are the same in the (a) and (b)
portions of (9).
(v) The scaling parameter that accounts for the difference in scale between tickets and slopes
(values versus value per unit H), .

The summary statistics in Appendix Tables E1 and E3 are organized around these two

stages.

12Note that we cannot separately identify an aq, By, and the vector 7 to scale, so we set oy = 1. Additionally,
we cannot identify G to location separately from a., 8., and Sy, so v omits a constant term.
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4.2 Housing Services

To estimate the model, we need to specify a housing services index, H;. We consider seven
different possibilities. In three of them, we use the immobile input to housing, land, as the
housing service index. Specifically, we set H; = In(L;) but control for non-land housing

characteristics separately. These models take the form

DPien = [acn + €$p(ﬁcn + ln(Lz)) + )\z ]eica

where L; is the land area occupied by the property and A; is a control for structure attributes,
where A can be estimated within the model for tickets and slopes or calibrated beforehand.
In this form for housing services, a case with no tickets implies prices are linearly increasing
in land area, p;., = Bani + i + €e.

In model (i), our most basic approach, we use land only in the model, setting A = 0.
In model (ii), we account for capital improvement by subtracting the replacement cost of
the structure from the value of the home, recovering the residual value of the land. That is
Ai = E(CC;), with CC' denoting construction cost. In model (iii), we estimate the structure
value within the model. That is, we specify \; = \.X;, where X; is a vector of controls for
housing attributes such as living area, age of structure, and room partitions, and A, is a
city-specific parameter vector of weights on these attributes. In this model, we divide the
largest cities into submarkets for tractability.

In the remaining four models, we jointly estimate an index for housing services. These

models take the form

[picn = Qg¢p + exp(/Bcn + ]:Ii)]eica

where H is an index of housing services. Model (iv), the simplest of these, uses only living
area as the service index. In the others, we estimate a flexible function of housing services in
a preliminary step, sampling a nationally-representative subset of data to devise an index of
housing service comparable across geographic areas. With this consistent estimate of f[i, we
then estimate the model on the full data set. Model (v) uses land and living area and model
(vi) uses land and living area interacted with vintage. Finally, model (vii), the most flexible,
uses all the information of lot area, living area, structure age, and room partitions. An
issue with this approach is that some areas lack some housing attribute information (room

partitioning in particular), which limits the number of metro areas we can accommodate.
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5 Results: Regulatory Frictions and the Hedonic Equi-
librium

This section reports the main results from estimating equation (9).

5.1 Regulatory Frictions at the Metropolitan Level

Table 2 presents the results from this model using the metro-level regulation index as a mea-
sure of zoning. Each column represents a separate regression, each using one of the respective
seven measures of housing services H. Within each column, the seven rows represent the
estimated coefficients from equation (9). Observations in these regressions are the estimated
Qepn and e, from the first stage models, (8). The regression is weighted by the square root
of the number of transactions contributing to the first stage estimate. (Appendix Tables B1
and B2 display regressions for alternative weightings and first-stage functional forms.) Ho-
moskedastic standard errors for each coefficient are reported in parentheses.

The first coefficient, iz, is the interaction of ticket capitalization with the zoning measure.
This coefficient represents a key test of our theory. A positive coefficient indicates that more
restrictive zoning induces more capitalization of amenities into tickets. Across all models,
we find a positive and statistically significant estimate of «., consistent with our theory.
This finding implies that, aside from any direct effects of regulation on prices, an increase in
amenities increases a neighborhood’s ticket price.

The second coefficient, [y, is a scaling coefficient that converts dollars of housing value
between intercepts and slopes. This parameter is a technical necessity to depict a housing
price function—we use it later to trace out pricing functions—but the results are not readily
interpretable across models because the parameter’s scale depends on the housing services
index used in the model.

The third coefficient, B, is the interaction of the zoning measure with the slope estimates.
A positive coefficient indicates that more regulated areas capitalize amenities more into
the per-unit cost of housing services; conversely, a negative coefficient would mean less
capitalization through slopes. Across models, we find a mix of small positive coefficients and
estimated zeros. Depending on how housing services are specified, zoning may induce slightly
more capitalization in per-unit prices. The results do not show, however, that neighborhoods
are less stratified in prices per unit when zoning is higher, despite their being more stratified

via tickets. That is, there does not seem to be a compensating effect of paying less per unit of

13We have also used standard errors clustered at the neighborhood level, with no material effect on the
results.
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housing service when paying more at the extensive margin for a high-amenity neighborhood.

The last four coefficients compose the amenity index, v'G,,, which includes school test
scores, proximity to the central business district, proximity to toxic waste sites, and a measure
of air quality.'* The coefficients are consistent with intuition: the G index is increasing in
test scores and decreasing in distance from jobs and pollution.

Quantitatively, the coefficients in Table 2 are difficult to compare across models because
they are interacted with housing service indices of different scale. However, for each model,
we can recover the implied dollar value difference between neighborhoods at different values
of the GG index. Specifically, we compare values, by house size, at the 25th percentile of G
(a “base” neighborhood) and at the 75th percentile (a “prime” neighborhood). We begin
by finding the premium at the average level of zoning. Using the regression equation, and

setting Z = 0, the premium can be calculated as

ﬁprime - pbase = (]- + 6OH) X ’y,(Gprime - Gbase)

for a given amount of housing services H.'?

Figure 4 traces out the implied value as housing services increase in the base and prime
neighborhoods. For this illustration, we use housing services model (vi), land and living area
interacted with structure age. The lefthand panel of the figure plots the pricing functions
implied by the model at various percentiles of the housing service distribution, with a vertical
line at the median-sized property. The baseline neighborhood is the green line with hatched
markings, and the prime neighborhood, average zoning, is the blue line with diamond-shaped
markings. A prime neighborhood in a high-zoning market, to be discussed later, is the red
line marked with circles.

The figure illustrates the importance of intercepts in the capitalization function—not only
that they are nonzero, but they are correlated with neighborhood amenities. The prime
neighborhood (blue line) appears to be a parallel shift up of the base neighborhood (green
line), with nearly all the capitalization coming via the ticket (extensive margin) price. To
focus on the comparison, the righthand panel of the figure takes the difference in the pro-
jected prices, plotting the premium associated with the prime neighborhood. The premium
is relatively constant—while it does grow slightly as homes increase in size, most of it is real-
ized even at the smallest properties—which illustrates that capitalization is primarily through
tickets.

14We have also experimented with other measures of test scores, air quality, and a crime exposure index.
We chose these four to be parsimonious, and results were not materially different with other indices.

15To be consistent with the pricing model (8), housing services are exponentiated in the calculation, but we
spare the notation here.
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Figure 4: The Value of Housing Services
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NOTES: The figure reports the housing price function for a baseline (lower amenity index, 25th percentile) and prime (higher
amenity index, 75th percentile) neighborhood, in a typical (mean regulation) city and a more regulated (1 s.d. higher WRI
index) city. The figure uses point estimates in Table 2. Source: Authors’ calculations using data described in Section 3.

Table 3 presents the numerical values of these premiums. (These results are again based
on housing services model (vi), land and living area interacted with structure age. Appendix
Table B3 provides results for the other models.) Column 1 shows the point in the housing
services distribution at which the premium is evaluated. Column 2 shows the base value
at the home’s size, and Column 3 shows the premium over this base value when moving
from lesser to greater amenities. For example, the median-sized property in the prime
neighborhood commands a $28,700 premium over the base neighborhood. Even a very small
property (the 1st percentile of sizes in a typical city) is due a $24,500 premium, saving just
$4,200 compared with the median-sized property, though its base value (without the prime
amenities) is $45,000 less. Column 4 shows the premiums as a percentage of the base value.
These values steadily fall as the size of the house increases. Moving a small property from
a base neighborhood to a prime neighborhood results in a 25 percent increase in price, but
for the largest properties, the proportional increase is half that magnitude. Column 5 shows
the share of the premium made up by the ticket. At the median-sized property, the ticket
is 87 percent of the overall premium, which diminishes just to 67 percent for a very large
home. Together, the premium as a share of home value and the ticket as a share of premium
underscore the importance of extensive margin neighborhood pricing.

Figure 4 and Table 3 also show how an increase in the stringency of regulation affects
the capitalization function. Generalizing from the previous case where Z = 0, the amenity

price for a neighborhood in a city with regulation index Z # 0 is:

ﬁgrime - ﬁbZase = (1 + aZZ + (BO + SZZ) . H) X ’y/(Gprime - Gbase)

In Figure 4, the red line marked with circles shows the price of a prime amenity neigh-
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borhood in a city with regulation one standard deviation above average, or Z = 1. The
lefthand plot shows the additional zoning shifts the pricing function upward, reflecting the
ticket effect of tighter regulation. The righthand plot displays the price premium, the dif-
ference relative to the baseline neighborhood, being nearly parallel to the premium in an
average regulation city. These show that in more regulated cities, higher amenity neighbor-
hoods are relatively more expensive than lower amenity alternatives, and the premium is of
a similar dollar magnitude across the distribution of home sizes. Columns 6 to 8 in Table
3 report the premium in a highly regulated city, and the last column reports the difference
in premiums between average and high-zoning cities. At the median-sized home, the high
amenity neighborhood in the more regulated city is $10,500 more expensive than the same
comparison in a city with average regulations. Nearly 88 percent of this premium comes
from a higher ticket price. From the 5th percentile sized home to the 95th, the premium
increases $15,500, compared with the rise of $11,900 in the averagely regulated city. The
additional regulation results in more dispersion across neighborhoods, and this dispersion is
mostly manifested through tickets. Hence, the premium accounts for a higher percentage of

the value of a small property, and especially so in a regulated city.

5.2 Regulatory Frictions at the Municipal Level

The metro area regulatory index afforded the inclusion of all neighborhoods within a metropoli-
tan area with available data, as recommended by Gyourko et al. (2008). It is, however, a
coarse measure of the actual regulatory regime a neighborhood faces, because it assigns the
same stringency index to all areas of a metro area.

Our next specification uses the finer geography available in the WRI, at the Census
Place (a village, township, or Census-designated neighborhood of a large city), to assign a
more precise measure of the regulatory stringency applying to a particular neighborhood.
This reduces the measurement error in the index Z and permits more variance, as there
are more municipalities than metro areas. However, because the WRI surveys a subset of
municipalities in each metro area, this restriction causes a substantial loss of sample size—
about three quarters of the data available in the metro-level regressions. Some metro areas
had to be dropped entirely due to a lack of admissible municipalities.*¢

Table 4 reports the regression results for the municipal-level regulatory index. The results

are similar to the metro-level index. More regulated municipalities capitalize amenities into

16 A neighborhood is lost from the sample when its Census Place is missing from the WRI survey or when
there are insufficient school attendance zones within the municipality to measure a within-municipality
variation. For example, a small city with one school zone would be excluded, even if its regulatory
stringency is reported in the WRI.
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tickets more so than less regulated municipalities (a, > 0), even when comparing among
cities within the same metro area. Again, the effect on capitalization into the slope of the
housing services function (/3,) is positive in most cases, but is small and not significantly
different from zero. The similarity of results from the metro and municipal level is further
evidence that the model is picking up stratification among neighborhoods according to their
respective regulatory environments, not simply that more regulated regions tend to have

higher housing prices.

5.3 Multiple Dimensions of Regulatory Frictions

Our index of zoning frictions is a composite of multiple dimensions of regulation. However, as
discussed in Section 2, despite the literature’s focus on minimum lot size, our theory suggests
that such restrictions will not induce capitalization into tickets, except in the special case
where they also create a binding limit on the number of housing units. Accordingly, we next
treat minimum lot size separately from other forms of regulatory restriction.

The WRI survey included a question on whether a minimum lot size is present in the
locality, and if so, how large the minimum is set to be. For a stringency index, we use
the minimum size lot area, set to zero when no restriction is present, denoted below as
M .'" We then form a new composite regulatory index purged of the lot size component, Z,
reweighting the other subindices accordingly. We then enter both indices into our second

stage regression, interacting each with intercept and slope coefficients.

Qen = e + (1 4+ a, 7.+ ayM.) -G, (10a)
Ben = Be + (Bo + BoZ. + BuM,) - G, (10b)

Table 5 reports the results of this regression using the metro level regulatory indices,
and Table 6 reports the results from the municipal level indices. The tables have the same
structure as the other regression results. On the regulatory index coefficients, o, and (,, the
results are very similar to the specifications without lot size: Higher regulatory frictions lead
to more capitalization of amenities into tickets, with mixed evidence of the effect on slopes.
However, consistent with our theory, the lot size restriction index, represented by aj; and
B, does not have the same effect. In fact, we estimate it has the opposite effect, leading to

less capitalization through tickets. These results are consistent with a compensating price

IT"We have also used the binary variable of whether an index is present, with similar results.
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rationale. If the purchase amount is restricted, and the constraint is binding, the price per
unit must be lower to afford the consumer utility equal with his unconstrained optimum.
For the slope coefficient, the evidence is again mixed, with some specifications negative and
some zero and/or imprecisely estimated. Overall, these results indicate that minimum lot
size has been overemphasized in the literature, while other regulatory frictions are important

for driving the capitalization function towards extensive margin pricing.

5.4 Historical Frictions

Our theory and the empirical results so far indicate that frictions inhibiting the adjustment
of the housing stock can result in capitalization via tickets. Zoning is a measurable and
policy-relevant form of friction, but certainly not the only one. We next consider another
source: history. Structures are highly durable, lasting decades or longer. Moreover, land
division and the associated property rights can lock in a neighborhood to a configuration
that outlasts even the structures themselves. If a neighborhood was developed in the more
distant past, it is more likely to be farther from the allocation currently optimal (from the
developers’ perspective), a friction that functions similarly to zoning.

In the following set of results, we substitute an “age of stock” index for the regulatory
index used in prior models. We want to be careful to isolate a notion of the extent of
development in the past, not simply (the inverse of ) recent growth in the housing stock. Thus,
we leverage historical census records of the housing stock. We use the fraction of housing in
the 1980 census that was at least 10 years old (i.e., built before 1970). This provides a metric
of how developed an area was several decades prior to our price observations. (Our data
span 2005 to 2015.) We use county as the geographic area for age of stock measurement.

Table 7 reports the results of the regression using the age of stock index as the measure of
frictions. The pattern is remarkably similar to the regulatory index. Places with development
frictions due to older, locked-in development are more likely to capitalize amenities into
tickets. The one exception is the specification using year built in the housing services model
(model (vi)), likely because the housing services model is already embedding much of the
variation in the frictions index. There is mixed evidence that age of stock also amplifies
capitalization of amenities into per-unit prices of housing services, with some housing services
models showing significantly positive coefficients, and others insignificant or zero.

Appendix Table B4 reports the implied amenity premium in a typical metro area for the
housing stock age model. Ticket capitalization of amenities is apparent for an area of average
development history. However, areas more rigid due to historical development exhibit the

majority of their amenity capitalization through tickets, which implies a greater share of
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amenity capitalization in the value of small properties.

6 Amenity Valuation With a Two-Part Tariff: Appli-
cation to School Quality

In the previous section, we analyzed the equilibrium hedonic price function and how it
capitalizes amenities in the presence of land-use restrictions. Having established that tickets
are an important component of the capitalization function, we turn our attention to the
implications of this pattern for valuing amenities.

To fix ideas, we begin with a simple illustration of amenity estimation when tickets are
more or less important to the underlying capitalization function. Then, we apply our model

to an actual school quality valuation exercise.

6.1 The Hedonic Model Under Tickets and Slopes

We begin by generating some intuition using simulations, which assure a controlled environ-
ment. We simulate data of the kind that would be seen by an econometrician, with housing
services, neighborhood quality, and housing prices. Following the form of equation (8), we

draw data according to

Din = Qe + agGy + exp(BaG, + H;) + €, (11)

where p is the price, o is an intercept, oy, is the extent of ticket capitalization of neighborhood
amenity G, Bg is the slope capitalization, H is housing services, and € is an error term
idiosyncratic to draw 7.!®* There are two neighborhoods, one normalized to G = 0 and the
other with high G = 1.

We consider three simulations, all of which fix the premium at the median-sized property.
In scenario 1, we set = 0 to reflect 100 percent ticket capitalization. In scenario 2, we
consider a mixed case of both ticket and slope capitalization. In scenario 3, we set a = 0 for
full slope capitalization.?
The econometrician observes H, GG, and p, and estimates a regression to recover the

parameters «., ag, Bg. We then evaluate the difference it makes when estimating the full

8Note this is the model of Section 4, with ag replacing (1 + a,Z) and f¢ replacing (8y + 3.Z) at some
normalized Z.

9Tn all scenarios, the relationship between «, 3 is determined by the constraint of a fixed premium at the
median level of housing services. For the intermediate case, with preset premium A,,.4 and median housing
services Heq, the relationship is expressed as o = Ayeqexp(l + Hpped) — exp((1 4 8) + Hpned)-
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model above in contrast to the commonly used semilog model:

I(pin) = Be + BaGn + Hi + &, (12)

which effectively assumes that o = 0 and so is misspecified in cases 2 and 3. The point here
is to see how this misspecification affects our estimate of the value of an amenity.

Figure 5 presents results from the three simulations, from full slope capitalization (left col-
umn), half slope and half ticket capitalization (center), and full ticket capitalization (right).
(The figure plots one representative draw from the simulations.) Panel A plots the data,
with the high-G location in blue and the low-G location in black. The lines plot the true
underlying model without error draws, and the clouds of dots show the prices, with error
draws, going into the econometrician’s regressions. By design, the high-G location has higher
prices than the low-G location. When tickets are not contributing to capitalization, the pre-
mium for the high-G neighborhood rises with the amount of housing services-the blue line
stretches away from the black line as the graph moves along the horizontal axis. When
tickets are contributing more to capitalization, the gap remains more similar across the size
distribution. At the extreme of full ticket capitalization, the lines remain a constant distance
apart.?°

Panel B plots the results from the two regressions (equations 11 and 12), plotting the
premium associated with the high-G neighborhood across the housing services distribution
obtained from the true model and the semilog hedonic model. In the left column, when tickets
are not present, the two models come to the same result and accurately depict the premium
for the high-G neighborhood. In the rightmost column, when tickets are the only form of
capitalization, the semilog model inaccurately depicts the premium in a particular way. As it
results from minimum distance estimation, it can roughly recover the premium at the average
level of housing services. However, it incorrectly imposes an upward sloping premium. This
is because the semilog model effectively forces slope-only capitalization, meaning it assumes
the premium must rise with the size of the home at a constant proportional rate. In other
words, the average distance between neighborhoods in the middle of the support of h is
imposed throughout the distribution of h.

To emphasize this point, Panel C displays the premium as a proportion of the low-G
neighborhood’s price. The semilog model assumes the same proportional increase across
homes of all values, and hence the semilog model line is flat in all three cases. When tickets

are absent, this is accurate. When tickets are important, the proportional increase in price

200f course, as noted in Section 2, even in the case of full slope capitalization, the high-G location is more
expensive even at the minimum housing services, as H is not literally zero at that level.
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Figure 5: Capitalization Via Slopes or Tickets

Panel A: Simulated Home Prices
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NOTES: The figure reports results from a simulation exercise in which amenity capitalization emerges in intercept or slope
effects. The leftmost column is slope-only capitalization; the middle column in half intercept/half slope, and the rightmost is
intercept-only. Source: Artificial data simulated as described in Section 6.1.
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decrease in the home’s size, and the semilog model is tilted through the true premium
function from the underside.

In the center column, when tickets account for half the capitalization, we see the same
qualitative pattern, but the tilt in the semilog model is less severe, simply because tickets
are relatively less important.

By ignoring tickets, the semilog model produces a premium that rises in the value of
the home, as it assumes the same proportional increase in prices across all homes. Ticket
capitalization produces a less-steeply rising premium, and one which constitutes a larger
proportion of a home’s value in small properties. This bias is potentially empirically relevant,

for as we saw in the previous section, ticket capitalization is widespread and substantial.

6.2 Estimating a Hedonic Model With Tickets and Slopes

How can a hedonic model incorporate tickets? First, as usual, the econometrician needs a
credible way to isolate quasi-experimental variation in an amenity of interest. In our tests for
tickets in Section 5, we noted the models yielded an amenity index, not a measure of WTP
for any of its components. With appropriate sample definition, however, our data is suited to
a study of WTP for at least one of the amenities: school quality. The neighborhoods in our
sample are defined by elementary school attendance zones. Thus, access to a school changes
discretely at a boundary, while other amenities vary more continuously from one area to
the next. Therefore we can adopt a now-standard method of recovering a WTP estimate,
the spatial border discontinuity design pioneered by Black (1999), refined by Bayer et al.
(2007) and Kuminoff and Pope (2014), and still widely used (e.g. Zheng, 2022). This design
isolates quasi-experimental variation in school quality by narrowing the analysis to a small
band around a sharp, discontinuous change in the amenity at the border, controlling for
other factors in the region of the discontinuity (which hereafter we denote dy).

Second, the econometrician needs to decide on a pricing function to estimate. Equations
(1) and (2) tell us only that prices take the form of p = «(S, &) + B(S, %, H), but not their

functional form. We spend the rest of this subsection introducing some approaches.

Semilog Model

The standard semilog version of the boundary discontinuity method is

I pin = @Sy + 0 + H; + & (13)

where the amenity of interest, school quality, is .S,,, boundary area effects are captured by

dp, and housing services are denoted H.

35



Since the semilog model is ticketless, we seek an alternative. The practical challenge with
doing so in the boundary design, however, is that the unobserved effects may show up linearly
(to capture the capitalization of unobservables into tickets) and nonlinearly (to capture their
capitalization into slopes). Thus, there are potentially numerous nuisance parameters. We
consider several tractable options. A Monte Carlo analysis of these estimators is reported in

Appendix C.

Linear Model

The simplest approach is a linear model

Dinb = 0o + 05 + g Sy + 0) H; + BsSnH; + €, (14)

where ag and (g capture the capitalization of school quality into tickets and slopes respec-
tively, and 65 and d;' are boundary fixed effects that capture the way unobservables enter
tickets and slopes respectively. We assume the expected value of unobservables is continuous
at the school boundary, so, after conditioning on the fixed effects, ¢; is mean zero.

This model simply interacts the amenity of interest with housing services, including
boundary fixed effects and housing service interactions.?! The main advantage of this model
is its ease of estimation. Its main disadvantage is that it does not nest the semilog model.
In the Monte Carlo simulation in Appendix C, we find that it performs reasonably well even

if it is misspecified, exhibiting bias only when ticket capitalization is near zero.

Two-Step Method

The second approach is a two-step estimation routine that assumes the additive-exponential

form, as in equations (9) and (11). The model is

Dinb = Qo + 0y + agSy, + exp(&f + BsSn + H;) + €, (15)
which can be rewritten as
Pinb = v + 05 + g Sy, + exp(8) exp(BsSy)exp(H;) + €.

This expression highlights that the model has effects from unobservables that are both sep-
arable and interacted with school quality, unlike the purely linear form in which the slope

effects of capitalization are all separable.

21'We take the exponential of the housing services function to keep closest accord to the model (11), although
this is not essential to our point.

36



The challenge that this model introduces is that it is nonlinear in a large number of
ancillary parameters, J;', (55 . For example, the Los Angeles County and Washington, DC
metro areas contain over 1,800 boundary pairs, meaning there are 3,600 ancillary parameters
to put into a nonlinear estimation routine.

The two-step procedure splits model (15) into high-dimensional linear and low-dimensional
nonlinear pieces, first accounting for area-level amenities (the boundary terms J;', (55 ) and
then extracting the capitalization value of the amenity of interest, S. The first stage esti-

mates

DPinb = Qg + 5? + 5563317(11@) + €, (16)

which is an analog of (15). The recovered first stage estimates will be a combination of
the unobservable/ancillary amenities and the target amenity, which we will decompose in a
second step. At the end of this step, we have:

5? = 58‘ + ozg(wlSl + wQSQ), (17)

and
5, = exp(8y) - (wiewp(BsSt) + waep(BsSs)), (18)

where wy, wy represent the weights (i.e., the number of observations) assigned to either side
(1 or 2) of a school boundary line. Note that school quality S and the weights are observable
quantities. Additionally, the nonlinear (exponential) transformation of ef appears in the
model. However, by our assumption that all the moments of this distribution are the same
on either side of the boundary, this term is absorbed into the boundary fixed effects.??

Call the projection of prices from regression (16) p;,, and the residual pl , = Piny — Dins-

The second step uses the residual prices for the following estimator.

22For example, if ef is normally distributed on both sides of the boundary with variance 0{%, then the first

two factors in equation (18) are exp(éf)exp(%o%).
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Dhny = Pins — 65 — 0y exp(H;) =
(05 + asSp = &) + (exp(8)] + BsSn) — 8 )ewp(H) =
= agS, — (wiagST + wogSy)+
[exp(ﬁgSn) — (wyexp(BsSh) + wgexp(ﬂgsg)}exp(éf)e:vp(Hi) +¢;
= ag(S, — (w151 + w252))+

(exp(BsSn) — (wiexp(BsS1) + waexp(BsSs)) 6,
wiexp(BsS1) + waerp(BsSa)

exp(H;) + ¢ (19)

which uses the definitions of 5?, 55 .23 The second stage is a nonlinear regression, but in just

two parameters, ag, Os.

Nonparametric Method

The final approach sidesteps issues of functional form by using a nonparametric matching
estimator. The idea is to take two properties on either side of a boundary, which implicitly
matches them based on wider area-level amenities, and then further pair them based on the
similarity of their housing services. In expectation, the difference in their prices would then
reflect only the difference in the value of the targeted amenity S.

To see this, consider two properties with the same level of housing services, H, on either
side of a boundary. One of these is observed with price p; and amenity S; and the other

with po and amenity S5. The difference in their prices is

Ap = ag(S2 — 51) + [exp(BsS2) — exp(BsSi)]exp(H), (20)

when using the additive-exponential form, as in (15), or its linear form (14),

Ap = OCS(SQ - 51) + 55(52 — Sl)]exp(H) (21)

After constructing the matching procedure, these are simple regressions recovering two pa-
rameters, ag, 8.2 The matching estimator explicitly relies on within-boundary differences
in prices. The boundary-level slope pricing is ignored in this approach, as the matching

procedure conditions on having the same slope for each pair.

23The term (55 (wiexp(BsS1) + waexp(BsS2))) L can sometimes be numerically unstable, in which case we
set it to one, since it merely scales the slope for all properties in the boundary area by the same factor,
and the school valuation is identified off of within-boundary variation.

241f the observations are not exactly matched on H, we use the mean of the pair, H in the above regressions.
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Each of these three options feasibly introduces extensive and intensive margin pricing
into a boundary discontinuity research design. A priori, we have little reason to believe one
is strictly better than another, since each is an approximation to an inherently unknown
function. Monte Carlo simulations in which the true data generating process is the additive-
exponential (equation 14) indicate that any of the above models can obtain an unbiased
estimate of the true capitalization value of a targeted amenity when some ticket capitalization
is present, and none suffers from the housing size bias of the semilog model, as depicted in
Section 6.1. See Appendix C.

6.3 Application to School Quality Valuation

We use these models to estimate the WTP for an improvement in school quality, taking
account of capitalization into tickets as well as into slopes. We do this across our sample
of nationwide housing markets.?> We estimate one metro area at a time, recovering the
citywide average WTP implied by each model.

Results for each market are reported in Appendix Tables D1, D2, and D3. The tables
show the WTP for a one standard deviation improvement in school quality, for properties
at the 25th, 50th, and 75th percentile of size, respectively. Table 8 shows the averages
across all markets. Across models and percentiles of the housing distribution, the estimated
WTP ranges from about $3,200 to $9,000. These figures should be interpreted as present
values for an infinite stream of future increases in services. This range compares well with
the range of $9,000 to $15,800 reported for five cities in Kuminoff and Pope (2014), as
well as Bayer et al.’s (2007) preferred estimate of $7,900 for the San Francisco Bay area.
Moreover, our models’ estimates for the value at a median-sized home in San Francisco range
from $4,200 to $11,400 (Appendix Table D2), which also is similar to Bayer et al.’s (2007)
estimate, although, notably, the ticket-inclusive models are higher and flatter in slope than
the semilog model.

The WTP levels differ across models, but the patterns are similar. Notably each model
produces a similarly-ordered price premium across markets. Appendix Figure D1 shows that
if one city has a high premium in the semilog model, it tends to also have a high premium

in the tickets-and-slopes models as well.

Z5We lose some markets with insufficient coverage in the school attendance zone boundary data, as we need
precise geography of attendance boundaries.

260Qur figure for Bayer et al. (2007) comes from $19.70 per month from their Table 7, Col. 4. We inflate it
from 1990 to 2010 dollars (a factor of 1.67) and divide by a monthly discount rate of 5%/12. Kuminoff
and Pope report values for a percentage change in test scores, not standard deviations, so their estimates
are not directly comparable to ours. However, they compute how their estimates compare to Bayer et al.’s
(2007), so we can combine their computed ratios with our value from Bayer et al. (2007).
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Table 8: WTP For a One Standard Deviation Improvement in School Quality ($1,000)

Housing Services Quantile

Model 25t 50th 75th
Semilog 4.757 5.499 6.785
Linear 6.436 7.209 8.489
Nonlinear Two-Step 7.102 7.503 8.380
Matching (NL) 7.677 8.187 9.024
Matching (Lin.) 3.169 3.820 4.790

NOTES: The table reports a summary of willingness-to-pay estimates of school quality from the models presented in Section
6.2. Results for each city are available in Appendix D. Source: Authors’ calculations using data described in Section 3.

Additionally, in nearly all cases in all models, the estimated WTP increases at higher
levels of the housing distribution, as we would expect. But, importantly, this increase is
much starker in the semilog model, which forces this result by ignoring tickets. In other
models, the increase is more gradual. In the semilog model, a household living in the 75th
percentile of house size is estimated to have a WTP 42% greater than a household at the
25th percentile of house size. The premium rises more slowly in models that incorporate
tickets; in our preferred nonlinear models, the premium rises only 17% from the 25th to 75th
percentile.

This result holds up within cities as well as in these cross-market averages. To see this,
we calculate differences in the estimated premium across the housing services distribution
within each market, taking the implied WTP for homes of different sizes, and comparing
their school quality premia. We do this for each model. Figure 6 plots the distribution
(across markets) of the difference between 75th percentile and 25th percentile sized home.
Consistent with both the data in Table 8 as well as the simulations in Section 6.1, the
standard semilog model imposes the upward slope in a price premium, while tickets allow
the premium to be flatter (potentially even downward sloping) in the size of the home. The
figure shows the distribution of the 75-25 gap for the semilog model is uniformly positive,
larger on average, and narrower in distribution than any of the ticket-inclusive models.

The semilog model imposes a uniform proportional price premium. Figure 7 shows the
distribution of the difference in the percentage price premium between 75th and 25th per-
centile sized properties. The semilog model is absent from the plot because it is mechanically
zero—properties of all sizes have the same proportional capitalization. The ticket-and-slopes
models instead show a disperse distribution of proportional price premia. The vertical lines
in the figure represent the upper and lower boundaries of a two-sided t-test. The mass
outside the critical area indicates a large fraction of cities have statistically different capital-

ization rates between large and small properties. This empirical regularity is ruled out by
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Figure 6: Difference in Premia Estimates for Large and Small Properties
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NOTES: The figure reports the distribution across cities in the difference in estimated willingness-to-pay (in 1,000’s of dollars)
between a 75th percentile-sized property and a 25th percentile-sized property for the models described in Section 6.2. Source:
Authors’ calculations using data described in Section 3.

the semilog model.

6.4 Implications for Policy Valuation

The previous subsection illustrates that it is possible to conduct hedonic valuation while
accounting for the possibility of capitalization of amenities into tickets as well as slopes. It
also showed that accounting for tickets substantially shrinks the spread in the estimated
heterogeneity of WTP. Or, to put it in other terms, it widens the spread in WTP as a
percentage of housing prices, from a constant to a value that falls with house size.

Consequently, accounting for tickets has the potential to have substantial implications for
distributional analyses of the benefits of public investments. Intuitively, when using hedonic
modelling, accounting for tickets will increase the estimated benefits received by the poor
relative to the rich.

Consider the benefits of improving test scores at low-performing schools. In particular,
consider increasing test scores by 0.1 standard deviation at schools in the bottom half of
the distribution. In partial equilibrium, the properties in affected neighborhoods increase in
value according to the estimated premium at their respective property size. We can find total

benefits by summing the increase in value across the entire market area and calculate the
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Figure 7: Difference in Percentage Premia Estimates for Large and Small Properties
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NOTES: The figure reports the distribution across cities in the difference in estimated willingness-to-pay, as a fraction of the
home price in an average-amenity neighborhood, between a 75th percentile-sized property and a 25th percentile-sized property
for the models described in Section 6.2. Source: Authors’ calculations using data described in Section 3.

fraction that accrues to small (below median) size properties. Figure 8 shows the distribution
across markets of the fraction of value accruing to small properties following this hypothetical
intervention.

When using price premium estimates from the semilog model, the value accruing to
small properties displays a fairly narrow distribution centered around 0.35. When using
price premium estimates from the ticket-and-slopes models, however, the distribution is on
average several percentage points higher, centering around 0.5-0.6. The difference in average
is most clear in the nonlinear models.

Thus, the misspecification in the semilog model may cause an understatement of the value
of school quality to owners of smaller properties, and by consequence, lead a researcher to
understate the distributional implications of such an intervention. The semilog model would
say smaller properties owners—on average, households of lesser means—would reap about
one third of the value of such a policy intervention, while ticket-accommodating models would
say these property owners would reap closer to three-fiftths. More fundamentally, however,
the ticket model shows residents of smaller properties implicitly place a much higher value
on school quality than the semilog model would read from the data, a fact with potentially

far-reaching implications for the economics of local public goods.
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Figure 8: Fraction of School Intervention Accruing to Small Properties
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NOTES: The figure reports the distribution across cities of the fraction of a school quality intervention accruing to
below-average sized homes. The experiment increases school quality of low-performing schools by 0.1 s.d. The valuation
effects are projected using each model’s WTP estimate, summed within market, and expressed here as the proportion
accruing to below-median-sized homes. Source: Authors’ calculations using data described in Section 3.

7 Conclusions

This paper addresses how local public goods are capitalized—whether through ticket prices
at the extensive margin or the slope of the land/housing price function at the intensive
margin. We find evidence of both. Importantly, we find empirically that more regulated
cities exhibit more capitalization in ticket prices. Hence, regulation seems to amplify a
two-part tariff to the capitalization of local amenities. Other frictions based on historical
development patterns appear to have the same effect. These findings suggest that ticket
price differentiation is under appreciated in the literature.

Our main contribution has been to increase our understanding of how capitalization
of amenities “works” in the presence of zoning and other land-use restrictions (and, vice
versa, how the effect of zoning depends on amenities). Beyond this basic point, our work
has three further implications. First, it has implications for old debates between the “new”
and the “benefit” views of the property tax—debates about whether the gross-of-tax price of
housing simulates a market for public goods, as Tiebout (1956) envisioned. In the presence of
congested publicly provided goods, efficiency requires pricing access to the goods per se—mnot
just land—to close the commons (Banzhaf (2014); Calabrese et al. (2011); Fischel (1985)).

Our results are consistent with the notion that zoning creates the ticket price necessary for
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efficient pricing of congested public goods. Nevertheless, we emphasize that the existence of
such capitalization is far from sufficient evidence that public goods are allocated optimally. In
particular, our model predicts capitalization into ticket prices in the presence of restrictions
on the number of lots, regardless of whether the public good is congested, but such pricing
is only optimal in the presence of congestion. Thus, while we cannot pass judgment based
on our work alone, we suggest that future work evaluating the normative aspects of spatial
sorting should consider two-part pricing. Tickets may approximately deliver per capita
pricing and prevent over congestion. Yet, normative evaluations should also consider that
tickets price out lower income households who would otherwise be willing to trade housing
services for public goods.

Second, our paper suggests that, at least when we are interested in heterogeneous property
value impacts, the standard semilog hedonic model may be badly misspecified in the presence
of tickets. Relative to a more general model that accounts for tickets, we find that the semilog
model substantially overstates the estimated WTP of residents of large properties relative
to residents of small properties. Public policies that improve school quality in poorer, low-
value housing areas thus have much greater private benefits to poor households than standard
models would suggest.

Third, the presence of tickets could have similarly important implications for the distri-
butional welfare effects of gentrification. Suppose an area receives an exogenous increase of
amenities, leading to increased housing costs. As the literature has already recognized, if
the marginal bidder moving in during gentrification increases housing prices by more than
poorer incumbents’ willingness to pay for the increased amenity, incumbent renters could be
made worse off (e.g. Banzhaf, Ma, & Timmins, 2019). Capitalization into tickets is likely
to augment this effect. The increased housing costs enter as a lump sum effect, rather than

proportionate to housing, making the gentrification effect even more regressive.
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Appendices

A Minimum Lot Sizes and the Two-Part Tariff

This appendix clarifies the sense in which minimum lot sizes may induce a two-part tariff,
using a model of a constrained household. It uses the same model and notation as Sec-
tion 2. Conditional on living in neighborhood n, a household maximizes utility subject to
the minimum lot size constraint and to a budget constraint on total income y. Ignoring the
non-negativity constraint on consumption k£, which we assume does not bind, and dropping
the household index i, the problem can be written as:

max u(k,Gp, hy) + ANy — k — Bnhy) + u(hy, — h). (A1)

The Kuhn-Tucker conditions pertaining to the household’s choice of h are

ou
% - )‘Bn - K, (AQ)

For those households for whom the constraint does not bind, we have in Condition (A3)
w=0,(h—hy,) > 0. For these households, the situation obviously is identical to the case
with no land-use controls. For those households for whom the constraint does bind, we have
in Condition (A3) u > 0,(h — h,) = 0. For these households, it is useful to re-write the
above constrained optimization problem using the following shadow pricing scheme (Neary
and Roberts (1980)):

max u(k, G, hu) + Ay + (Ba = B)h = k = Baha). (A4)
The first-order condition related to the household’s choice of h is:
ou ~—
3G A
3 (45)

That is, the problem in Expression (A1) where the household must buy h at a price per square
foot of B3, is equivalent to one where it freely chooses to purchase h at a subsidized price per
square foot (3, and where “virtual income” is adjusted by the fixed amount (5, — 8,)h <0
to compensate for the subsidy and leave real income unchanged.?” To see the equivalency
of the problem when the constraint binds, note the first-order conditions (A2) and (A5) are

the same if we just let A=\ and E,: = [ — pu/A. In words, the marginal utility of income

2"Note that, because h is a minimum purchase requirement, we have E,: < B,. This is in contrast to the more
common rationing constraint in which there is an upper bound on the purchase. In the case of a rationing
constraint, the household’s problem is equivalent to facing a higher shadow price and an augmented income
to cover the additional expenditure and maintain utility. In the case of the minimum purchase requirement,
the inequality in the constraint is reversed and so are the sign of the change in the price and the lump-sum
adjustment to income.
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Figure Al: Optimization with Constraint and with Shadow Values

numergire

|
|
i
-
1
1
1
1
1
1
1
1
1
]
I
]
I
I
I
1
I
1
I
I
I
|
I
I
1

h* h h
NOTES: The figure displays indifference curves in housing, numeraire space, with household budget constraint for the
unconstrained and minimum-purchase constrained scenarios. Source: Authors’ illustration.

is unchanged by the combination of a lower price and lower income, and the shadow price
per square foot is equivalent to the actual price, adjusted downward by the marginal utility
of relaxing the constraint (i.e., u) converted into dollar units by A. As the problems are
equivalent, the consumer chooses h = h. Figure A1 compares the primal and dual problems.
Given prices p, an unconstrained household would choose h* and achieve utility level u. The
constraint requires the household to consume at least h, creating a wedge between the slopes
of p and the indifference curve, of course lowering utility. However, there is a lower price
p supporting the indifference curve at that point. With that lower price (and with income
adjusted down to maintain this lower utility level), the consumer would freely choose h.

This dual shadow-pricing formulation of the problem is instructive because it clarifies how
a minimum purchase requirement can be viewed as equivalent to a two-part tariff (Wilson
(1993)). Because B; < f3, the price function becomes less steep. But income also is adjusted,
with the budget constraint shifted downward by (/ﬁ; — By)h, conditional on choosing the
community. Note this is equivalent to paying a fixed fee «, = (B; — B,)h to enter the
community followed by a lower price per square foot. However, while this mimics a two-part
tariff on particular households, the equilibrium pricing function does not require a ticket to
ration access to the neighborhood. That is, the per-unit land price alone can still clear the
market.

This individual-level analysis also clarifies in what sense the minimum lot sizes in Hamil-
ton (1975) induce a head tax. In that paper, Hamilton presents a special case in which the
constraint is (just) binding on everybody in a neighborhood, so all housing demands collapse
to a single point (see also Brueckner, 1981). In that case, households can be modeled as
maximizing utility subject to a two-part tariff, as in Expression (A4), but they also can
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Figure A2: Pricing Under Hamilton (1975)
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NOTES: The figure displays the value of a home as a function of its lot size under slopes-only capitalization (lines through the
origin) and ticket-inclusive capitalization (lines intersecting the vertical axis above the origin). Different lines correspond to
neighborhoods with different pricing functions. Source: Authors’ illustration.

be modeled as being subject to a standard price, as in Expression (Al). Both are valid,
because either price function is consistent with a single data point. Figure A2 illustrates this
situation, with three communities each with homogeneous lot sizes. The solid lines fit the
data, but so do the dashed lines, which all have the same slope but different tickets. Hence,
one can characterize the difference in neighborhood housing prices either with land prices or
with tickets. In the more general case where the constraint binds for only some households
in the neighborhood, the equivalence is still there for those who are constrained but not for
the unconstrained households. Thus, if we are to assume everybody in the community faces
the same price function, then there are no tickets into the community. Consequently, the
price function continues to take the same form as the case with no land-use restrictions, and
G continues to be capitalized into prices, though the values of (3, will differ. In other words,
minimum lot sizes can be thought of as inducing a two-part tariff on constrained households,
but not on the community as a whole (unless they are binding on everybody).
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B Additional Specifications of the Hedonic Equilib-
rium

This appendix provides additional analyses for the models in Section 5.1.

B.1 Alternative Two-Step Regressions

First, we provide sensitivity analysis for the regressions recovering the capitalization function
in the presence of zoning. The main results in Section 5.1 used the nonlinear model (8) and
weighted all observations in the second stage by the square root of observations contributing
to the first stage neighborhood estimate. This allowed for neighborhoods with the slope term
at the numerical boundary approaching exp(—oco) = 0 to contribute in the second stage.
Tables B1 and B2 use linear first stage models instead. Table B1 shows results when we
weight by the inverse of the variance in the first-stage estimates, while Table B2 alternatively
weights by the square root of the neighborhood transactions, as with the nonlinear models.
The results are not qualitatively sensitive to these alternatives.
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B.2 Additional Results on the Capitalization Function

Table B3 reports the implied amenity premium in a typical metro area, at different percentiles
of the housing size distribution, in average-level and high-level zoning. It expands on the
results in Table 3, in which the results were based only on housing services model (vi), land
and living area interacted with structure age. Appendix Table B3 provides results for the
other models.

Table B4 reports the implied amenity premium in a typical metro area for the housing
stock age model. Again, ticket capitalization of amenities is apparent for an area of average
development history (the median of the index share developed by 1970 as of 1980). Though
the value of a home in a baseline neighborhood more than doubles from the 5th percentile
size to the 95th, the premium in the high amenity neighborhood increases less than 10
percent. The premium increases the value of a small property 51.8 percent when the property
moves from a baseline to high amenity neighborhood, but the premium increase is just 28.7
percent for large properties. In older, more-distantly developed areas, the premium for a
high-amenity neighborhood is $7,000 higher for the smallest properties, and this additional
premium increases to only $11,700 for the largest properties. Hence, areas more rigid due to
historical development exhibit the majority of their amenity capitalization through tickets,
which implies a greater share of amenity capitalization in the value of small properties.
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C Monte Carlo Results for Hedonic Estimators

This appendix reports on Monte Carlo simulations designed to evaluate the estimators pro-
posed in Section 6.2, when including boundary fixed effects in our regression discontinuity
designed. We compare the performance of the semilog model to other hedonic estimators
that allow for ticket capitalization but relax the exact functional form in the interest of
computational ease. As a benchmark, we will estimate the “brute force” nonlinear model.

C.1 Simulation Design

To retain tractability for a large scale Monte Carlo simulation, we will work with a rela-
tively small example: eight neighborhoods and four boundaries. Each neighborhood has 200
observed transactions, with the housing services index ranging from zero to one in equal-
sized increments. All neighborhoods have the same support of the housing services size
distribution.

The Monte Carlo simulation draws 10,000 simulated data sets, from a data generat-
ing process that follows equation (14) in the text. The neighborhood qualities are drawn
randomly from a uniform interval s € [—1,1]. We also draw boundary-geography amenity
shocks, the ticket-level shocks ;' from a standard normal distribution, and slope-level shocks
55 from a uniform [0, 1] distribution. Idiosyncratic property-level shocks are also drawn from
standard normal and uniform distributions, respectively, for ticket and slope forms of pricing.
The model has a constant strictly greater than zero. We report here a version of the sim-
ulation in which the ticket and slope components of capitalization are uncorrelated (except
for s), but we have experimented with many forms of simulation and found similar results
throughout. Note, however, that all versions of these estimators rely on the validity of the
boundary discontinuity design. If s is correlated with some unobserved neighborhood-level
amenities besides the boundary pricing—a failure of the underlying research design—then all
estimators considered here are biased.

The simulations run through five scenarios of capitalization, from zero to full capitaliza-
tion of s via tickets in fractional increments of 0.25. Each version holds fixed the size of the
premium at the median value of housing services (h = 0.5) between a property in a s = 1
neighborhood relative to a s = 0 neighborhood. This design allows us to compare how the
estimators perform in cases of relatively more or less capitalization in tickets vis-a-vis slopes.

C.2 Results of the Monte Carlo Simulation

In addition to the semilog model and the full nonlinear model, our simulations consider the
estimators described in 6.2: two forms of linear estimators, the two-step nonlinear procedure,
and nonlinear and linear versions of the matching/nonparametric estimator.

Table C1 reports the results from the Monte Carlo simulation. The numbers in the table
report the difference of the model’s estimator of the amenity premium to the true premium
in the data generating process. Each column corresponds to a different estimator. Each row
denotes a simulation with varying degrees of ticket capitalization. The panels correspond to
the estimated premia at three levels of housing service; first the median, and then the 25
and the 75" percentiles.
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The first result of note is that the semilog model performs poorly in nearly all cases. When
the model has any ticket capitalization, the semilog model is biased upwards to an increasing
degree in the amount of housing services. For example, at 75 percent ticket capitalization,
the median bias in the semilog model is 0.38 at the 25" percentile of housing service, 0.57
at the median, and 0.77 at the 75" percentile. Even with no ticket capitalization in s,
the semilog model performs poorly. In Table C1, the simulation with ticket capitalization
of zero shows downward biasing of worsening degree in the property size. We have found
this is because of the functional form. When the data generating process for prices has
any additive terms—including a constant or property-level unobservable quality errors—the
semilog model exhibits some bias. Unsurprisingly, in simulations where we suppress all
linear/additive terms, the semilog model performs very well, but so do its alternatives.

The full nonlinear (“brute force”) model naturally performs the best. It achieves negligi-
ble bias at all property sizes in all simulation types. When feasible, this model is preferred
because of its flexibility and robustness to many forms of capitalization. However, it may
not be feasible in many cases of a research design that controls for unobservable factors.

The remaining columns report on the success of the more feasible estimators in achieving
the amenity premia of the true data generating process. When there is full ticket capital-
ization, each estimator performs very well, with no substantial bias at any property size.
When there is zero ticket capitalization, the approximating models begin to fail with vary-
ing degree of severity. This is because, in finite samples with estimators that in some way
rely on minimizing differences from the conditional means, the models are attributing some
capitalization to mean differences between neighborhoods. Of these, the two step nonlinear
and matching nonlinear estimators have the smallest bias (at least for our simulations, in
which the data generating process is nonlinear).

For the more empirically-relevant cases in which capitalization is substantial but not
complete (rows with ticket fractions of 0.25-0.75), the approximating estimators perform
reasonably well, especially in the nonlinear cases (columns 5 and 6). These have fairly small
bias, and notably, they lack the property-size bias profile that is inherent to the semilog
model. For example, the two step nonlinear model at 0.75 percent ticket capitalization is
every bit as good as the full nonlinear model, and it is much simpler to estimate on a large
data set.

The Monte Carlo results, combined with our experience in implementing these estimators
at a large scale in real-world data, lead us to prefer the nonlinear estimators and recommend
them to researchers interested in accommodating ticket capitalization into hedonic studies
of non-marketed amenities.
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D Summaries of Hedonic Estimates

Section 6.2 presented several approaches for incorporating tickets into hedonic estimators.
Figure D1 shows results from the semilog model of Section 6.3 plotted against three alter-
native models: the linear model, the two stage model, and the two matching models. The
absolute size of the premium can vary across markets for various social and economic reasons
outside of our research question—the within-market variance in school quality, the demo-
graphics of the market, the outside option to public schools, and likely many other reasons.
However, the figure shows that if one city has a high premium in the semilog model, it tends
to also have a high premium in the tickets-and-slopes models as well.

Tables D1 to D3 provide WTP estimates for school quality from our boundary regres-
sion discontinuity model. Table D1 reports the WTP estimates for properties at the 25th
percentile of the home size distribution for each model in each market with school bound-
ary data. Table D2 reports the same at the median home size, and Table D3 at the 75th
percentile. The distribution of estimates is summarized in the main text in Table 8.
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Figure D1: Comparison of Premium Estimates Between Hedonic Models: Semilog Versus

Tickets and Slopes
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NOTES: The figure plots the ticket-accommodating models, as described in Section 6.2, against the semilog model in their
estimates of willingness to pay for a one standard deviation increase in school performance. Each dot corresponds to a unique
market (metro area) for the model denoted in the legend. Source: Authors’ calculations using data described in Section 3.
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E Summaries of Input Data

This appendix provides background details for the data described in Section 3 and employed
in the empirical test for tickets and slopes in Section 4 and the hedonic estimators in Section
6. The main purpose is to report which extracts of data were available for each application.

Tables E1, E2, and E3 detail the data used in the model presented in Section 4. Table
E1 reports on the availability of property transactions data by market. Table E2 provides
summary statistics on the neighborhood amenity data. Note that the table reports the
data in the units in which the attributes are reported, but before entering the second stage
model, the data is locally standardized to have mean zero and unit variance, in order to
make it comparable across amenities and across markets. Table E3 provides a summary of
the neighborhoods for which we have ticket and slope estimates outputted from the first
stage and inputted to the second stage. The table shows which markets were contributing
to each second stage model.

Table E4 provides summary statistics on the data in our school boundary regressions,
including the number of boundaries and schools, the properties and transactions matched to
boundaries, and the standard deviation of differences in test scores across boundaries. Some
markets used in the Section 4 analysis were not available for boundary hedonic analysis,
which can be traced back to their lack of sharp school boundaries as reported in Table E1.
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