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Abstract

Measuring owner-occupied housing services in the CPI is one of the most contested problems
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1 Introduction

Housing services are the largest component of household consumption in most advanced
economies, yet their measurement in the Consumer Price Index (CPI) remains one of the
most contested and consequential open problems in official statistics. Across the world’s ma-
jor metropolitan areas—Tokyo, London, New York, Sydney, Vancouver, and many others—
residential property prices have risen sharply and persistently relative to household incomes,
squeezing access to adequate shelter and generating broad social concern. Yet the macroe-
conomic policy response to this phenomenon is critically constrained by a measurement
problem that has received far less attention than it deserves: the CPI, the primary instru-
ment through which monetary authorities gauge inflation and calibrate policy, may itself be

providing a systematically distorted signal of the true cost of housing services to households.

Accurate price measurement is not merely a statistical concern; it is a precondition for
sound macroeconomic policy. Since the 1990s, most central banks have adopted explicit
inflation-targeting frameworks in which the CPI serves as the operational target, with the
policy rate adjusted to keep measured inflation within a narrow band—typically around 2
per cent. If the measured CPI is a biased proxy for the true cost of living, the policy rate will
systematically deviate from its welfare-consistent level: the central bank will tighten too little
when the true cost of living is rising, and too much when it is falling. As Goodhart (2001)[11]
and subsequent literature have emphasised, housing-price booms tend to compress the CPI-
measured shelter cost precisely because the investment motive dominates the consumption
motive at the peak of the cycle—the opposite of what an inflation-targeting central bank
needs to observe. A CPI that systematically understates shelter costs during asset-price
booms will cause the central bank to hold interest rates lower than the true cost of living
warrants, thereby reinforcing the boom, before abruptly reversing as the bust raises user
costs. The distortion in the price signal thus becomes a source of policy amplification rather

than stabilisation.



The difficulty of measuring housing services in the CPI arises from a structural feature
of housing markets: owner-occupied dwellings are simultaneously consumption goods and
investment assets. For tenant households, the monthly rent payment provides a direct and
observable market price for one period’s housing services. For the majority of households in
most OECD economies who own their dwellings, no such transaction occurs: the household
purchases a durable asset at a large up-front cost and consumes the implicit service flow over
many years without making a period-by-period payment. The question of how to convert
this asset purchase into a sequence of period service-flow prices has generated sustained

methodological debate for over half a century—and has not been resolved.

Five approaches to this problem are now codified in the Consumer Price Index Manual (ILO
et al., 2004[13]; IMF et al., 2025[19]): (i) the acquisitions approach, attributing the full as-
set price to the period of purchase; (ii) the rental equivalence approach, imputing a market
rent; (iii) the user cost approach, computing the net financial cost of owning for one period;
(iv) the payments approach, recording actual mortgage and tax outflows; and (v) the oppor-
tunity cost approach, taking the maximum of the user cost and the market rent. Despite the
Manual’s comprehensive treatment, no consensus has emerged on which approach is theo-
retically superior or empirically most reliable, partly because the approaches have seldom
been compared systematically on the same data over a sufficiently long period. In Europe,
this impasse has had direct institutional consequences: Eurostat has sought since 2014 to
incorporate owner-occupied housing (OOH) into the Harmonised Index of Consumer Prices
(HICP) but remains unable to reach methodological agreement, and the HICP continues to
exclude OOH as of 2025. The experimental OOH-PI published by Eurostat uses the acquisi-
tions approach—which, as this paper documents, is the approach most prone to procyclical

mismeasurement.
This paper addresses that impasse directly. We make three contributions.

The theoretical contribution is to show that all five approaches can be expressed through



a single identity u; = TI +c— 7r;r , where the pair (rtT ,7TZ ) characterises each approach’s

treatment of the opportunity cost of capital and expected capital gains. This unified repre-
sentation clarifies the precise sense in which the approaches differ, establishes a theoretically
motivated ordering under competitive equilibrium (Appendix B, Theorem B.1), and embeds
the financial user cost (FUC) framework—which distinguishes between mortgage debt and

home equity as distinct sources of financing—within the same structure.

The empirical contribution is threefold. First, we construct quality-adjusted hedonic price
and rent indices for Tokyo condominiums and single-family houses at monthly frequency
over the full 40-year period January 1986 to December 2025, using a rolling-window hedonic
methodology applied to approximately 3.1 million property transactions and rental contracts
from the Recruit/SUUMO platform—to our knowledge the largest integrated sale-and-rental
micro-dataset assembled for any major city. Second, we implement all five measurement
approaches on this common dataset, allowing a direct comparison free from the compositional
and data-source differences that confound most existing comparative studies. Third, and
most importantly, we quantify the divergence among the approaches across four sharply
contrasting market regimes: the late-1980s Bubble, the Lost Decades Deflation of 1993-2003,
the near-zero-rate period of 2014-2020, and the post-pandemic appreciation of 2021-2025.
In the most extreme episode, the acquisitions approach registers annual price growth of 21.6
per cent while the Financial User Cost (Type B) simultaneously records —3.5 per cent—
the two measures move in opposite directions, confirming that they measure fundamentally

different objects.

The policy contribution addresses three interconnected problems that have blocked the

adoption of welfare-consistent OOH measures in official statistics.

First, we resolve the negative user cost problem that has made user cost approaches appear
impractical for CPI compilation. The Basic User Cost is negative in 36.2 per cent of the

480-month sample—174 months in total—including a sequence of 34 consecutive negative



months during the Bubble (January 1987 to October 1989) with a minimum value of —73.2
per cent per annum. The Financial User Cost reduces but does not eliminate this problem.
We demonstrate that the opportunity cost (OC) approach of Diewert (2008)[7]—OC; =
max{FUC, - P, RY}—eliminates negative values entirely: in the Tokyo data, all three OC
variants record zero months with negative values across the full 480-month sample. This is
the first large-scale empirical confirmation that the OC approach resolves the negative-value

problem in practice.

Second, we document that the dominant source of CPI bias in the Tokyo data is the price
channel—the procyclical acquisitions index and the lagging sticky-rent CPI—rather than the
weight channel that has received most attention in the theoretical literature. The stickiness
wedge between new-contract and incumbent rents averages —8.4 index points (2020 = 100)

over the full sample, swinging from —17.4 during the Deflation to +4.0 in the Recent episode.

Third, we show that Tokyo, while extreme in the magnitude of its measurement problems,
provides lessons directly applicable to other major cities. The structural condition that
generates large measurement divergences—an expected appreciation rate that substantially
exceeds or falls short of the financing cost—was present in the United States and United
Kingdom during the 2000s, in Australia during the 2010s, and across most OECD metropoli-
tan areas since 2021. We propose a concrete three-step implementation roadmap for national
statistical offices, beginning with the immediately feasible transition from incumbent to new-
contract rents and culminating in the publication of leverage-differentiated FUC indices that

make visible the generational divide in housing costs.

The remainder of the paper is organised as follows. Section 2 reviews the relevant literature.
Section 3 develops the unified theoretical framework. Section 4 constructs and compares the
five measurement series on the Tokyo dataset. Section 5 analyses the FUC framework in de-
tail, documents the negative user cost problem and its resolution via the OC approach, and

derives welfare and policy implications. Section 6 concludes. Online Appendices A through F



provide technical details on the computation of each approach (Appendix A), the theoretical
relationships among approaches (Appendix B), depreciation models (Appendix C), hedonic
regression specifications (Appendix D), the financial user cost (Appendix E), and the in-
dex construction methodology (Appendix F). Appendix G collects supplementary empirical
results including HP-filter robustness, index-level comparisons, regime classification detail,

and depreciation sensitivity analysis.

2 Literature Review

The measurement of owner-occupied housing (OOH) services has attracted sustained the-
oretical attention since Jorgenson (1963)[20] introduced the rental price of capital as the
appropriate period cost of a durable asset. Building on this foundation, Hall and Jorgenson
(1967)[34] formalised the user cost formula in the context of tax policy and investment, es-
tablishing the canonical expression u; = (r; + 8§ — 7¢) PH that underlies all subsequent work
on durable-goods pricing. Diewert (1974)[29] extended the framework to consumer durables,
connecting it to the cost-of-living index (COLI) of Kénus (1924) and showing that the COLI-
consistent period price for an owner-occupied dwelling is the opportunity cost of deploying
wealth in the asset for one period, not the purchase price itself. Hulten (1990)[12] and Hul-
ten and Wykoff (1981a, 1981b)[38][39] provided the empirical foundations for this approach,
demonstrating that geometric depreciation fits housing data well and greatly simplifies ag-
gregation across vintages (Appendix C reviews straight-line, geometric, and one-hoss-shay
models, with empirical estimates from Tokyo data in Table C.7). The present paper builds
directly on these foundations, adopting the COLI benchmark of Diewert (2005a)[6], the op-
portunity cost formulation of Diewert (2008)[7], and the heterogeneous-household extension
of Diewert and Nakamura (2011)[9], while calibrating depreciation at 6 = 0.020 per year

consistent with Diewert and Shimizu (2015,2016)[30][31].

The five approaches to OOH measurement now codified in the CPI Manual (ILO et al.,
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2004[13]; IMF et al., 2025[19]) have distinct intellectual histories and serve different insti-
tutional purposes. The acquisitions approach, which attributes the full purchase price
to the period of acquisition, is valued for its transparency but is theoretically inappropriate
for long-lived assets, as it conflates the price of a claim on an infinite stream of shelter ser-
vices with the price of one period’s shelter (Appendix A, Section A.1). Goodhart (2001)[11]
noted that CPIs relying on acquisitions-type measures fail to signal the true monetary con-
ditions during housing booms, while Fenwick (2009,2012)[4||5] and Eurostat (2017)[3] have
advocated publishing multiple CPI variants to serve different analytical and policy purposes.
The rental equivalence approach, endorsed by the System of National Accounts (Euro-
stat et al., 1993|2]) and adopted by the Bureau of Labor Statistics (1983)[27] in the United
States, is theoretically sound when new-contract rents are used (Appendix A, Section A.2;
Appendix F, Section F.6), but the practice of sampling incumbent rents introduces a sys-
tematic stickiness bias documented for the United States by Crone, Nakamura and Voith
(2000, 2011)[1][28] and assessed across countries by Heston and Nakamura (2011)[35]. The
user cost approach, implemented in official statistics by Iceland (Gudnason and Jonsdot-
tir, 2011|33]), produces divergences from rents that Verbrugge (2008)[43] and Garner and
Verbrugge (2011)[32] attribute to expected appreciation, tax advantages, and an illiquid-
ity premium—components that are explicitly incorporated in the financial user cost (FUC)
framework of Diewert, Nakamura and Nakamura (2009)[8] extended in Appendix E of this
paper. Hill, Steurer and Waltl (2017)[44] show via simulation that the acquisitions and
user cost approaches diverge most sharply from the rental equivalence benchmark at cycli-
cal peaks, a prediction confirmed quantitatively in Section 4. The payments approach,
which records actual mortgage outflows, was used in the UK Retail Prices Index until 1994
(Goodhart, 2001[11]) and remains in use in some countries (Appendix A, Section A.4.1);
its principal deficiency—ignoring the equity opportunity cost and the capital-gain offset—is
documented by Lebow and Rudd (2003)[40] and is embedded in the theoretical ordering of
Appendix B (Theorem B.1).



A critical but under-resolved problem in the user cost literature is the possibility of negative
user cost values during episodes of rapid house-price appreciation. If the expected capital
gain 7y exceeds the sum of the financing rate and the carrying cost r,+c, then u; = ri+c—my <
0, which is economically interpretable as a period in which the asset “pays” the owner to hold
it, but is technically problematic as a CPI price relative. Verbrugge (2008)[43] documents this
problem for the United States and argues for replacing realised appreciation with a smoothed
long-run rate; Garner and Verbrugge (2011)[32] find that smoothing substantially reduces
but does not eliminate negative values. Diewert (2008)[7| proposed the opportunity cost
(OC) approach—OC; = max{u; - P, RN }—as a theoretically motivated resolution: since
the rental flow RY is always positive, the OC index is bounded below by zero by construction.
Despite Diewert’s (2008)[7] original proposal and its subsequent endorsement by Diewert and
Nakamura (2011)[9], no study has yet tested whether the OC approach eliminates negative
values in practice over an extended sample spanning both bubble and deflation episodes.
The present paper fills this gap: using 480 months of Tokyo data, we show that the OC
approach records zero months with negative values across the full sample, including during
the most extreme phases of the late-1980s Bubble (Section 5). This empirical confirmation
removes what has been the primary practical objection to user cost—based official statistics,
and directly informs the implementation roadmap proposed in Section 6 (the leverage-type

breakdown of negative UC incidence is documented in Appendix G, Section G.3).

The institutional context of the negative user cost problem is the European HICP im-
passe. Eurostat has sought since 2014 to incorporate OOH into the Harmonised Index of
Consumer Prices but has been unable to reach methodological agreement among EU member
states. The deadlock reflects two concerns: the absence of theoretical consensus on which
approach is COLI-consistent, and the practical difficulty that user cost methods can produce
negative values in boom episodes. As of 2025, the HICP continues to exclude OOH, and
the experimental OOH-PI published by Eurostat uses the acquisitions approach. Eurostat

(2017)[3] itself acknowledges the acquisitions approach as a compromise pending resolution



of the methodological debate, and Eiglsperger (2021) documents the welfare costs of the
continued exclusion. The present paper argues that both concerns can now be resolved—
the first by the unified theoretical framework of Section 3, and the second by the empirical

demonstration that the OC approach eliminates negative values in practice.

A second strand of literature directly relevant to this paper concerns rent stickiness and its
implications for official price statistics. Calvo (1983)[21] introduced the random-opportunity
model of price adjustment, in which the hazard of adjustment is constant and independent
of the gap between the current price and its market-determined target. Shimizu, Nishimura
and Watanabe (2010)[15] applied this framework to Japanese rental data and estimated a
monthly adjustment hazard of Ay = 0.025—a Calvo parameter of 0.975—the highest de-
gree of stickiness documented in any comparable study; by contrast, Hoffmann and Kurz
(2002)[18] report 0.78 for Germany and Genesove (2003)[10] only 0.29 for the United States.
Shimizu and Watanabe (2011)[16] show that this time-dependence of adjustment—as op-
posed to state-dependence— implies that accumulated deviations between market and con-
tract rents do not self-correct rapidly, because the probability of a lease-event is orthogonal
to the size of the gap. Suzuki, Asami and Shimizu (2021)[42] provide unit-level evidence
that individual Tokyo units can carry rents 20-30 per cent below market levels for multi-
year periods without triggering renegotiation. These findings establish the microeconomic
foundations for the aggregate Calvo partial-adjustment equation estimated in Section 5 to
characterise the stickiness wedge oy = RN — RCF! between the official CPI rent index and
the COLI-consistent new-contract rent. A key implication, developed in Section 6, is that
the transition from incumbent to new-contract rents in the rental equivalence approach is

the single most cost-effective reform available to statistical agencies.

The quality-adjusted price and rent indices that underpin the empirical analysis of Sec-
tion 4 are constructed using rolling-window hedonic regression following the methodology

of Shimizu, Nishimura and Watanabe (2010a)[41], which is now the standard approach in



the Japanese official residential property price index. The hedonic tradition for residential
property traces from Bailey, Muth and Nourse (1963)[45] and is reviewed comprehensively
by Hill (2013)[36]. The full hedonic specifications used in this paper are documented in
Appendix D (land-structure decomposition) and Appendix F (rolling-window index con-
struction). Diewert and Shimizu (2015)[30] applied the rolling-window method to Tokyo
single-family house sales, simultaneously estimating depreciation rates and land price in-
dexes; Diewert and Shimizu (2016)[31] extended the analysis to condominiums using the
builder’s model that decomposes total property value into land and structure components
(Appendix D, equations (D.2)—(D.3)). Hill, Scholz, Shimizu and Steurer (2018)[37| con-
firm that rolling-window approaches outperform fixed-base and repeat-sales methods in thin
markets, while the simultaneous availability of sale and rental listings from the Recruit
platform—exploited here and in Shimizu, Diewert, Nishimura and Watanabe (2012)[14]—

eliminates the compositional inconsistencies that confound most comparative studies.

The price-to-rent ratio PH /R;, which serves as the primary empirical indicator of the diver-
gence between the welfare and investment layers of housing in this paper, has been the focus
of an extensive literature since Poterba (1984)[22] modelled it as the reciprocal of the user
cost rate in a no-arbitrage equilibrium. Campbell, Davis, Gallin and Martin (2009)[23| doc-
ument a secular rise in the US price-to-rent ratio from the mid-1990s to 2006 that far exceeds
what changes in fundamentals can explain, while Himmelberg, Mayer and Sinai (2005)[24]
show that user cost adjustments for interest rates and expected appreciation can account for
much of the apparent overvaluation. For Japan, Shimizu and Nishimura (2007)[25] decom-
pose the 1986-2000 Tokyo price cycle into fundamental and speculative components, finding
that the late-1980s bubble was driven by self-fulfilling appreciation expectations with no

counterpart in housing demand fundamentals.

Finally, the policy stakes of OOH measurement are high under inflation-targeting frame-

works, where a systematic bias in the shelter component of the CPI translates directly
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into miscalibrated policy rates. Goodhart (2001)[11] was among the first to document this
channel, and Lebow and Rudd (2003)[40| estimate that the US CPT OOH bias contributed
approximately 0.25 percentage points per year of downward mismeasurement, sufficient to
shift the policy rate by 25-50 basis points under a standard Taylor rule. For Japan, the
combination of extreme rent stickiness, a home-ownership rate of approximately 61 per cent,
and the largest peacetime housing bubble of the twentieth century (Shimizu and Nishimura,
2007[25]) creates conditions under which the gap between the official CPI shelter measure
and a COLI-consistent alternative is both large and cyclically systematic. The Bank of
Japan’s prolonged zero-interest-rate policy of the 1990s and 2000s has been interpreted in
part as a consequence of a deflationary CPI signal that failed to capture the true cost of
shelter; see Hoshi and Kashyap (2004)[26]. Sections 4 and 5 quantify these divergences over
the full 40-year Tokyo sample and Section 6 draws the implications for monetary policy,

statistical reform, and the European HICP impasse.

3 Measuring Housing Services: Theory and Approaches

3.1 The Theoretical Benchmark and the Three Approaches
The Ko6nus Price Index and Its Welfare Foundation

The theoretical foundation of any Consumer Price Index is the cost-of-living index (COLI) of
Koniis (1924). Let the household’s preferences be represented by a utility function U(q™, h)
defined over a vector of non-durable goods and services "¢ and a scalar h representing one
period’s worth of constant-quality housing services. The associated expenditure function is
e(p™, p", u) = min{(p™¢-q*) +p"h : U(q™, h) > u}, where p" is the period price of one unit

of housing services. The Kénus COLI between reference period 0 and comparison period t,
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evaluated at the reference utility level u*, is

t,nd h,t *
Ko ot e — €@ ptt u)
P (p’,phu’) = (PO i) (3.1)

The COLI has a precise welfare interpretation: it answers the question “by what factor
must the household’s budget increase to remain exactly as well off in period ¢ as in period
07" Diewert (1976)|6] showed that a superlative index formula—one that is exact for a
flexible functional form of the expenditure function, such as the Fisher ideal or Toérnqvist
index— provides a second-order approximation to the COLI using only observed prices and

expenditure shares, without requiring knowledge of the household’s preferences.

The central requirement of (3.1) is that p* be a well-defined scalar period price for one unit of
constant-quality housing services consumed in period ¢. For non-durable goods and services,
the period of payment coincides with the period of consumption, so the market transac-
tion price directly satisfies this requirement. For consumer durables—including housing—

t must be derived from the structure of

payment and consumption are decoupled, and p™
the durable’s market rather than read off directly from a single market transaction. This is
the fundamental measurement problem that motivates the five approaches discussed in this

paper.

Durables with Short Service Lives: The Acquisitions Approach and the Rental
Market

For consumer durables with a short service life, the decoupling of payment and consumption
is quantitatively minor, and two approaches provide adequate approximations to the COLI-

consistent price.

The first is the acquisitions approach: the full purchase price is attributed to the period of

acquisition. The theoretical justification rests on the observation that for a durable with a

12



short service life L, the present value of all future service flows is approximately proportional
to the current purchase price. More precisely, from the one-hoss-shay depreciation model

(Online Appendix C, equation (C.17)), the per-period user cost satisfies

I ) £ WO e (3.2)
1 —~E 1470

As L — 1, u® — PB{: the user cost collapses to the purchase price, and the acquisitions
approach becomes exact. For small L (say, clothing with L = 2-3 years), the error is modest.
Online Appendix B shows that for a durable with § = 0.20, the ratio of the user cost value to
the acquisitions value is approximately 1.11 (Online Appendix B, equation (B.14)): the two
measures differ by only 11 per cent, well within the margin of practical measurement error.
The acquisitions approach is therefore a defensible simplification for short-lived durables,

and it is universally adopted by statistical agencies for goods such as clothing, appliances,

and furniture.

The second approach applies when a well-organised rental or leasing market for the durable
exists. In that case, the observed rental price R; for one period’s use of the durable directly
measures the current market value of one unit of service, and is the COLI-consistent period
price without further imputation. The theoretical justification follows from the landlord’s
zero-profit condition. A risk-neutral lessor who purchases the durable at price P;, leases it for
one period at rate Ry, and recovers the depreciated resale value (1 — 0)P,;; earns zero profit
in competitive equilibrium if and only if Ry = P,(1+ ;) — (1 — 0)Pi.1, which is precisely the
user cost formula (Online Appendix B, equation (B.4)). The rental price therefore equals the
user cost in equilibrium, providing a direct and observable measure of the COLI-consistent
period price. For automobiles in countries with developed leasing markets, this approach is

often preferred; see ILO et al. (2004)[13].
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The Special Character of Housing: The Dual Nature of Consumption and In-

vestment

Owner-occupied housing is distinguished from other consumer durables by two fundamental
characteristics that jointly invalidate both the simple acquisitions approach and the uncor-

rected rental equivalence approach as COLI measures.

The first is extreme longevity: the service life of a dwelling typically exceeds fifty years. For
such an asset, the gap between the purchase price—which equals the present discounted
value of all future service flows—and the current period’s service-flow cost is large and
highly sensitive to the discount rate and to expectations about future prices. The formula
analogous to (3.2) gives a ratio of user cost value to acquisitions value of approximately 1.68
for housing under plausible calibrations (§ = 0.02, r* = 0.03, g = 0.01; Online Appendix B,
equation (B.15)), versus 1.11 for short-lived durables. The acquisitions approach therefore

understates the true cost of housing consumption by 40 per cent or more.

The second, and more fundamental, distinction is the dual nature of housing as simultane-
ously a consumption good and an investment asset. A household purchases a dwelling to
obtain shelter services— warmth, space, security, and locational access—but simultaneously
acquires a financial claim whose value fluctuates with market conditions. These two motiva-
tions coexist in every housing purchase, and their relative importance varies systematically

over the housing cycle in a way that has direct consequences for the COLI.

Formally, let PH denote the quality-adjusted price of a dwelling, § the geometric structure
depreciation rate, r; the household’s nominal opportunity cost of capital, 7 the property tax
rate, m the maintenance rate, and ¢ = (Pl — P/)/PH the expected one-period capital

gain rate. The COLI-consistent period price of housing services—the user cost rate—is

w =r + (0+7+m) — (3.3)
—_————

C
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and the corresponding monetary user cost is U; = u; - PH. The three terms in (3.3) capture,
respectively, the forgone financial return on the equity tied up in the dwelling, the net
physical cost of occupancy, and the offsetting investment gain from holding an appreciating

asset.

The dual nature of housing enters through the term 7y. When house prices are expected to
fall—or in a period of actual price decline—households that purchase do so primarily for the
consumption value of shelter: the investment return is negative or zero, so only those who
place a sufficiently high utility value on owner-occupancy relative to renting will choose to

buy. In this regime, the consumption motive dominates and the user cost w; is high.

When house prices are expected to rise substantially, investment-motivated buyers enter the
market in pursuit of capital gains: the expected appreciation 7y offsets the financial carrying
cost 1y, reducing the user cost. In the extreme case of a speculative bubble, 7§ may exceed
ry + ¢, driving the user cost negative—meaning that the dwelling literally pays the owner
to hold it. The equilibrium condition that in a frictionless competitive market rent equals
the user cost (Online Appendix B, equation (B.4)) then implies that new-contract rents are
also driven down by anticipated capital appreciation. This produces a situation in which the
asset price and the rental price move in opposite directions: the asset price rises as buyers bid
up values, while the rental price falls as the investment subsidy reduces the cost of providing

rental services.

The mathematical relationship between the asset price and the service-flow cost follows from

the present-value identity (Online Appendix B, equation (B.16)):

S (1—0)" upps PtH
PHE = +s 4
t ;0 (1 —I—T)S (3 )

The current asset price equals the present discounted value of all future user costs, not just
the current one. In steady state with constant expected appreciation rate 7¢, (3.4) simplifies

to uy = r—m®+0 (Online Appendix B, equation (B.17)), confirming that the service-flow cost

15



and the asset price are related but fundamentally distinct objects: the asset price summarises

the discounted future, while the COLI requires only the current period’s service cost.

Why the Acquisitions Approach is Inadequate for Housing

The dual nature of housing and its extreme longevity together imply that the acquisitions
approach is unsuitable for measuring housing services in the COLI, for both theoretical and

practical reasons.

Theoretical problem. The acquisitions approach treats the purchase of a dwelling as if
it were the purchase of a non-durable: the full asset price P is attributed to the period of
acquisition. This conflates the price of a claim on an infinitely-lived stream of shelter services
with the price of one period’s shelter. Under the present-value identity (3.4), the asset price
moves with expectations about all future user costs and capital gains. A rise in expected

¢ increasing— raises P via (3.4) while simultaneously reducing u;

future capital gains—r
via (3.3). The acquisitions price and the COLI-consistent price therefore move in opposite
directions during episodes of rapid appreciation: the acquisitions index registers inflation at

the exact moment when the true cost of owner-occupancy is falling.

Expenditure weight problem. A second theoretical problem concerns the expenditure
weight. The acquisitions approach assigns the housing component a weight equal to the
value of net new purchases of dwellings, whereas the COLI-consistent approach assigns a
weight equal to the total value of housing services consumed from the entire existing stock.

Online Appendix B (equation (B.14)) derives the exact ratio of the two weights:

VY (1+g)(r" +9)
_ 3.5
% g+9 (3:5)
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Table 1 calibrates this ratio for housing and for two representative short-lived durables under

plausible parameter values.

Table 1: Ratio of User-Cost Value to Acquisitions Value: V;}/V3 under Alternative Calibrations

Asset type 0 r* g Vir/Va  CPI weight gap
Housing (baseline) 0.020 0.030 0.010 1.68 +68%
Housing (high »*)  0.020 0.050 0.010 2.35 +135%
Housing (low ) 0.010 0.030 0.010  2.02 +102%
Appliances 0.100 0.030 0.010 1.22 +22%
Clothing 0.200 0.030 0.010 1.11 +11%

Table 1 shows that for housing under baseline parameters, the acquisitions approach assigns

a weight that is only 60 per cent of the COLI-consistent weight. As a result, the acquisitions

approach not only mismeasures the price of housing services; it also dramatically understates

the importance of housing in the overall CPI. For appliances and clothing, the gap is small

enough to be of limited practical concern—a finding that justifies the universal application

of the acquisitions approach to non-housing durables.

Measurement problem: procyclical volatility. Even setting aside the theoretical mis-

specification, the acquisitions approach introduces severe measurement distortions because

it mixes the consumption and investment motives in a time-varying way. To illustrate the

magnitude, consider two extreme episodes drawn from the Tokyo data analysed in this paper:

e Bubble peak (1989-1990). Expected annual capital gains 7§ ~ +0.15 (15 per cent

per year). The user cost rate becomes u; = 0.030 + 0.034 — 0.150 = —0.086: the

dwelling pays the owner approximately 8.6 per cent of its value per year to hold it, and

the COLI-consistent period price of shelter is effectively negative. Yet the acquisitions

price index rose by about 15 per cent, registering severe inflation at the exact moment

when the true cost of owner-occupancy was at its historical minimum.

e Post-bubble deflation (1993-2003). Expected capital losses 7f ~ —0.05 per year.

17



The user cost rate rises to approximately u; ~ 0.114, i.e., the true cost of owner-
occupancy is elevated to nearly double its long-run average. Yet the acquisitions price
index fell sharply, signalling deflation at the exact moment when the true shelter cost

was highest.

These two episodes exemplify a general principle: a CPI based on the acquisitions approach
systematically overstates the true cost of shelter during asset-price booms and understates
it during busts—precisely inverting the welfare signal that monetary policy requires. This
inversion is not a matter of random measurement error; it is the theoretically predicted
consequence of conflating an asset price with a service-flow cost in a market where the

investment and consumption motives for holding housing are simultaneously operative.

The theoretical and measurement problems together imply that the acquisitions approach
should not be used for owner-occupied housing in a COLI-consistent price index. The appro-
priate measure is either the user cost U;, the adjusted new-contract rent R?ew’adj, or—if one
wishes to bound the true cost from above—the unadjusted new-contract rent R}*". The for-

mal ordering of all five approaches under the COLI criterion is derived in Online Appendix B

(Theorem B.1) and is taken up empirically in Section 4.

3.2 The Rental Equivalence Approach
Rent as the Welfare-Layer Price

From the perspective of the Kénus COLI, the ideal period price of housing services is the
minimum expenditure per period that allows a household to obtain one unit of constant-
quality shelter at current market conditions. In the taxonomy of Section 3.1, this is the
service-flow price p™!, not the asset price PH. For a household that rents its dwelling, the
monthly contract rent R;; is a direct cash payment for exactly one period’s worth of shelter

services, and—when rents are competitively determined and quality-adjusted—it provides
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the most natural observable proxy for p™*. In this sense, the rental equivalence approach
operates at the welfare layer of housing consumption: it measures what the market charges
for shelter as a flow service, abstracted from the investment value of the underlying asset.
This is its principal theoretical virtue, and it is why the rental equivalence approach is
endorsed by the System of National Accounts [2| and adopted in the official CPIs of Japan,

the United States, and most OECD countries.

As established in Section 3.1, however, the rental price and the user cost diverge systemat-
ically during asset-price cycles precisely because the housing market operates at two layers
simultaneously: the welfare layer (shelter services) and the investment layer (capital gains).
When expected capital appreciation is high, the investment subsidy 7} reduces the user
cost below the competitive rent, attracting investment buyers and compressing new-contract
rents; when prices are expected to fall, the absence of the capital-gain offset raises the
user cost above rents. The rental equivalence approach is therefore COLI-consistent only if
new-contract rents are used and only to the extent that frictions in the rental market are
controlled for. In practice, large frictions exist—both in the structure of official rent statis-
tics and in the micro-dynamics of individual lease contracts—that cause measured rents to
diverge substantially and persistently from the COLI benchmark. This section documents

those frictions.

Institutional Frictions: Public Housing and Statistical Measurement

A first class of frictions arises from institutional features of rental markets that cause the
distribution of rents observed in official statistics to differ from the competitive market price

of shelter.

In Japan and many European countries, a significant share of the rental stock consists of
public or quasi-public housing— dwellings provided by central and local governments, or by

employers, at below-market rents for equity or social-policy reasons. In Japan, koeki jutaku
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(public housing) and kosha jutaku (public corporation housing) accounted for approximately
7 per cent of the total dwelling stock as of the 2018 Housing and Land Survey. Rents in
this segment are administratively determined and adjusted infrequently, often falling far
below prevailing market levels during periods of house-price appreciation. If official CPI
rent surveys include public housing units in the sample without appropriate adjustment,
the measured rent index will be downward-biased relative to the market opportunity cost of

shelter—precisely the COLI-consistent price that monetary policy requires.

A second institutional friction arises from the design of rent surveys themselves. Most
national statistical agencies—including Japan’s Statistics Bureau (which compiles the CPI)
and the U.S. Bureau of Labor Statistics—survey incumbent tenants, asking what rent the
household is currently paying. This practice captures the stock of existing rental contracts
rather than the flow of newly concluded transactions. Because most existing contracts were
signed months or years ago at prices that reflected then-prevailing market conditions, a
survey of incumbent rents will, by construction, reflect the history of past market conditions
rather than current ones. The CPI for rent thus embeds an inherent backward-looking bias

that is particularly severe during episodes of rapid price change.

Micro-Dynamics of Rent Adjustment: The Stickiness Mechanism

The deeper source of the divergence between measured rents and the COLI price is the
stickiness of individual rental contracts. To understand this mechanism formally, define two
indicator variables following Shimizu et al. (2010)[15]: let I} equal one if unit i experiences
a tenant turnover and a new contract is signed in period ¢ (zero otherwise), and let I} equal

one if an existing contract for unit 7 is renewed in period t (zero otherwise). The probability
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that the rent for unit 7 is unchanged in period ¢t can then be decomposed into three terms:

Pr(AR; =0) = [1—Pr([) =1)—Pr([]=1)]
+ Pr(ARy; =0 | I} =1)-Pr(I} =1)

+ Pr(ARy =0 | IF=1)-Pr(Ii=1) (3.6)

Equation (3.6) decomposes the probability into three components: term (i) covers periods
with no contract event; term (ii) covers new-signed contracts that nonetheless leave the
rent unchanged; term (iii) covers rollover renewals with no rent adjustment. The necessary
condition for any rent change is that either a tenant turnover producing a new-signed contract
(I = 1) or a lease renewal producing a rollover contract (/¥ = 1) must occur. In the absence
of both events—term (i) in (3.6)— the rent is frozen at its contract value regardless of how

far market conditions have moved.

New-signed contracts. When a tenant vacates and a new tenant is sought, the landlord
is free to set the rent at whatever level the current market will bear. The new-contract
rent RY therefore reflects the current market opportunity cost of shelter—the marginal price
of a freshly negotiated lease in prevailing market conditions. It is this price that satisfies
the COLI requirement: in a competitive market, a household choosing between owning and
renting at the margin will face R as the relevant alternative, so RY is the COLI-consistent

price p™t of equation (B.2).

Rollover contracts. When an existing tenant renews their lease—the rollover contract—
the outcome is very different. Under Japan’s Land Lease and House Lease Law (Shakuya
Ho), a landlord cannot unilaterally raise the rent of an existing tenant except under narrow
and difficult-to-invoke conditions. Shimizu, Nishimura and Watanabe (2010)[15] find, using

15,639 contract documents from a major Tokyo property management company (Daiwa
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Living), that the probability of no rent change at rollover is Pr(AR; =0 | IF = 1) = 0.970:
fully 97 per cent of rollover renewals in March 2008 produced an unchanged rent. Moreover,
when rent does change at rollover, the adjustment is strongly asymmetric: it is relatively
easy for the landlord and tenant to agree to lower the rent when the existing rent exceeds
the market level, but it is extremely difficult for the landlord to propose a rent increase
to an existing tenant even when the market has moved sharply upward—because any such

proposal is perceived as a violation of the implicit long-term relationship.

Aggregate probability of no rent change. Combining the three terms of (3.6) using
empirical estimates from Shimizu et al. (2010)[15]— monthly turnover probability Pr(I}} =
1) = 0.034, monthly rollover probability Pr(/ = 1) = 0.038, probability of no change given
new contract Pr(AR;; =0 | I} = 1) = 0.755, and Pr(AR; =0 | I} = 1) = 0.970—yields an
aggregate monthly probability of no rent change of approximately 0.991, or equivalently, an
annual probability of no rent change of 0.893. As Table 2 shows, this degree of stickiness

is exceptional by international standards.

Table 2: Annual Probability of No Rent Adjustment: International Comparison

Country Pr(AR;; = 0) per year Source

Japan 0.893 Shimizu, Nishimura and Watanabe
(2010)[15]

Germany 0.780 Hoffmann and Kurz (2002)[18]

United States 0.290 Genesove (2003)[10]

Rent stickiness in Japan is three times as high as in the United States and substantially higher
than in Germany—a pattern reflecting both the distinctive legal protection of incumbents
under Japanese tenancy law and the prevalence of long-term implicit contracts between

landlords and tenants.
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Time-Dependent Rather Than State-Dependent Adjustment

The stickiness documented above would be less consequential for the COLI if rent adjust-
ments, when they did occur, were triggered by deviations of the actual rent from its market-
determined target level. That is, if adjustment were state dependent—governed by the gap
xy = log(Ri/R};) between the actual rent and the hedonic-imputed target rent R},— large
accumulated deviations would eventually trigger large corrections, and the aggregate rent
index would track market conditions reasonably well even if individual adjustments were

infrequent.

Shimizu et al. (2010)[15] test this hypothesis directly by estimating the adjustment hazard

function

Az) = Pr(ARy #0 | IY =1, Xy = 2) Pr(I) = 1| X = )

+ Pr(ARy #0 | IF =1, Xy =2) Pr(If = 1| X3 = 2) (3.7)

using the 718,811 listing records of the Recruit dataset (Tokyo 23 wards, 1986-2006). The
key finding is that while the conditional probabilities of rent adjustment given a contract

event are weakly state-dependent, the occurrence of the contract event itself is not:

e The monthly probability of tenant turnover, Pr(I¥ =1 | X;; = x) ~ 0.010, is inde-
pendent of x. Turnovers are caused by exogenous life events—job transfer, marriage,
childbirth, retirement—that are orthogonal to the gap between actual and market rent.
This is classic time-dependent behaviour in the sense of Calvo (1983): the landlord re-
ceives a random opportunity to reset the price, but this opportunity does not arrive

more frequently when the existing price is further from its target.

e The monthly probability of lease renewal, Pr(Iff =1 | X;; = 2) = 1/24 ~ 0.042, is
by legal and contractual convention fixed at a two-year cycle, entirely independent of

market conditions.
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Because neither the probability of turnover nor the probability of renewal depends on x,
the aggregate adjustment hazard A(z) is nearly flat in z, as confirmed by the estimated
values reported in Shimizu et al. (2010): A(z) =~ 0.008 for x € (—0.4,0.2] and 0.011 for

x € (0.2,0.4]—essentially constant.

The aggregate implication is immediate. When A(z) = Ay (time-dependent, constant haz-

ard), the aggregate rent dynamics follow the Calvo (1983) partial adjustment equation:

Rt - A()R;; -+ (1—A0) Rt,1 (38)

where R; is the aggregate rent index (proxied by the CPI for rent), R} is the target (mar-
ket) rent index estimated from new-contract hedonic regressions, and 1 — Ag is the Calvo
parameter—the probability that a given unit does not receive a random rent-reset signal
in the period. Shimizu et al. (2010)[15] estimate A = 0.025 at the quarterly frequency
from micro data, implying a Calvo parameter of 0.975—an extraordinarily high degree
of price rigidity by any macroeconomic standard. The macro-level OLS estimate of [\glacro
from the aggregate time-series of incumbent versus new-contract rents in our Tokyo dataset
is 0.0011 (s.e. 0.0009), implying a Calvo parameter of 0.9989—even more extreme than the
micro estimate, reflecting the near-zero probability that any given incumbent contract is
renegotiated in a given month at the aggregate level. These two estimates ([\gﬂcm = 0.025
at the quarterly frequency and [\gnwo = 0.0011 at the monthly frequency) are conceptually
distinct: the micro estimate captures the hazard for a given individual contract, while the
macro estimate captures the aggregate adjustment speed of the stock of incumbent rents,

which is further attenuated by the multi-year tenure of existing leases.

The consequence for the CPI is quantitatively large. Shimizu et al. (2010)[15] simulate
counterfactual CPI inflation under the assumption that Japanese rent flexibility were equal
to that of the United States (AJ® ~ 0.25, compared with the Japanese AJ ~ 0.025). They

find that CPI inflation during the bubble period (late 1980s) would have been higher by
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approximately 1 percentage point per year, while inflation during the post-bubble deflation
(1990s) would have been lower by more than 1 percentage point per year— with deflation
commencing approximately one year earlier than the official CPI recorded. These magnitudes
are economically significant for monetary policy: a 1-2 percentage point gap between the
measured and true inflation rate is large enough to shift the policy rate by 50-100 basis

points under a standard Taylor rule.

Why the CPI Manual Recommends New-Signed Contract Rents

The analysis above provides a rigorous theoretical basis for the recommendation of the CPI
Manual (IMF et al., 2025[19]; ILO et al., 2004[13]) that the rental equivalence approach
should be implemented using new-signed contract rents rather than incumbent (roll-over)

rents.

The argument proceeds in three steps.

Step 1: The COLI requires the marginal cost of shelter. From the Koénus COLI
(3.1), the housing price entering the expenditure function must be the minimum market cost
of obtaining one unit of constant-quality shelter in period ¢. This is the opportunity cost
that a utility-maximising household faces when deciding whether to rent or to own in period
t. For a household making a housing decision at the margin in period t, the relevant price is
the rent that would be negotiated in a freshly signed lease as of period t— not the average
of all outstanding contracts, many of which were priced in previous periods under different
market conditions. Formally, the COLI-consistent rental price is the new-contract rent RN

that satisfies the landlord’s zero-profit condition in period t:

RY = [ri—m+6(1+m)+7+m+1,] P (3.9)
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(Online Appendix B, equation (B.5)). The incumbent rent R{°"™2° by contrast, reflects the
conditions prevailing when that contract was signed—say, k periods ago—and is therefore

R¢entract ~ RN an outdated price that does not satisfy (3.9).

Step 2: The stickiness wedge as a measurement bias. Define the stickiness wedge as
oy = RN — Réontract (Online Appendix B, equation (B.8)). From the Calvo dynamics (3.8),

the aggregate gap between the new-contract rent index and the incumbent-rent index is

1—A
RN—-R, = R —R, = A—O(R;‘—Rt_l) ~
0

1—Ap

il (3.10)

where R is the rate of change of the target rent. With Ag = 0.025 (Japan), the multiplier
(1 —Ap)/Ao =~ 39: a1 per cent monthly increase in the target rent produces a lag of 39
months before the aggregate incumbent-rent index fully reflects the change. With Ay = 0.25
(US), the multiplier is only 3, implying a lag of 3 months. The CPI for rent in Japan
therefore understates the COLI-consistent price during appreciation episodes by an amount

that accumulates over years, not months.

Step 3: Only new-contract rents are COLI-consistent. Combining Steps 1 and 2:
the incumbent-rent CPI satisfies R°"" = R, # RN = plit, , whenever o, # 0, i.e., whenever
rents are sticky and the market is not in a steady state. The bias is positive (CPI understates
COLI) during appreciation episodes when o, > 0, and negative (CPI overstates COLI) when
oy < 0 during price declines. New-signed contract rents R, by contrast, reflect current
market conditions by construction: they are the equilibrium prices of freshly negotiated
leases and therefore satisfy the COLI requirement (3.9) without further adjustment. It
is for this reason that the CPI Manual (IMF et al., 2025]/19]) recommends that statistical
agencies implement the rental equivalence approach using new-contract rents, and why this
paper uses the new-contract rent index constructed from the Recruit dataset as the empirical

counterpart of RY throughout the empirical analysis. The empirical contrast between new-
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contract and incumbent rents in the Tokyo data is documented in Appendix F, Section F.6.

3.3 The Financial User Cost

From Basic User Cost to Financial User Cost

The Basic User Cost introduced in Section 3.1 prices the cost of owner-occupancy using a
single interest rate as the opportunity cost of capital. This simplification, while analytically
tractable, obscures an important feature of housing finance: the purchase of a dwelling is
funded through a combination of the household’s own equity and borrowed funds, and these

two sources of capital carry fundamentally different costs.

Housing markets are deeply intertwined with credit markets. When financial institutions
expand mortgage lending—lowering borrowing rates, relaxing collateral requirements, or
increasing loan-to-value ratios—the effective cost of financing a dwelling falls, stimulating
demand and driving up asset prices. Conversely, when credit conditions tighten, the cost
of financing rises and prices fall. This credit-housing nexus implies that the opportunity
cost of capital in the user cost formula is not a single exogenous rate but a financing-
structure-dependent composite that moves with both monetary policy and credit market
conditions. The Financial User Cost (FUC) framework, developed by Diewert, Nakamura

and Nakamura[8| and extended in Online Appendix E, makes this structure explicit.

Two Qualitatively Distinct Rates of Return

The key conceptual contribution of the FUC framework is the recognition that the two
components of housing finance carry rates of return with qualitatively different economic

properties.
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Mortgage rate r;". The mortgage rate is the contractual interest rate paid by the house-
hold to a financial institution for borrowed funds. It is determined in the credit market and
reflects the lender’s cost of funds, credit risk, and intermediation spread. Crucially, r{" is
a debt rate: it is fixed (or pre-specified) at the time of borrowing and represents a certain,
contractual obligation. Its sensitivity to monetary policy—through the central bank’s policy
rate—is direct and strong. Formally, the mortgage rate is modelled as the sum of a risk-free

benchmark rate and a debt spread p™ > 0 reflecting intermediation costs:

rt =4 p" (3.11)

where 7! is the risk-free rate (e.g., the government bond yield or the central bank policy

rate).

Equity opportunity cost r{. The equity component of housing finance represents the
household’s own wealth deployed in the dwelling. The opportunity cost of this equity is the
return the household forgoes by not investing that wealth in an alternative financial asset—
equities, bonds, or a diversified portfolio. Unlike the mortgage rate, this is not a contractual
payment but an implicit forgone return. Its magnitude reflects the risk premium demanded
by investors for holding illiquid residential equity rather than a liquid diversified portfolio.
The equity opportunity cost thus carries a risk premium p°® over the risk-free rate that is

structurally larger than the debt spread:

re = ri4p° pf>pm >0 (3.12)

The inequality p® > p™ reflects the standard asset-pricing result that equity claims, being
residual and illiquid, must offer a higher expected return than senior debt claims to attract
investors. This ordering, ry > r}", holds unconditionally and independently of the level of

interest rates or the state of the housing market.
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The FUC Model

Let A € [0,1] denote the loan-to-value ratio (LTV), i.e., the fraction of the property value
PH financed by mortgage debt. The fraction (1 — \) is financed by equity. The composite
financing rate for a household with LTV ratio A is the leverage-weighted average of the two

rates:

ey

AP 4+ (1= A)rf (3.13)

Substituting (3.11) and (3.12) into (3.13) and writing ¢ = § + 7 + m for the carrying cost

rate, the Financial User Cost rate is:

ul(N) = i\ +ec—n8 = Tf—l—/\pm—l—(l—)\)pi—l—c—wf (3.14)
financing 1;1;3mium >0

(Online Appendix E, equation (E.4)). The FUC generalises the Basic User Cost in two
respects. First, it replaces the single interest rate with the composite financing rate th (N),
which depends on the household’s leverage position A. Second, the financing premium Ap™ +
(1 — X)p° is always strictly positive and monotonically decreasing in A: higher leverage
substitutes cheap debt for expensive equity, lowering the composite rate. This implies the

sign ordering:

=p"—=p° <0 (3.15)

More leveraged households face a lower user cost, all else equal. This is the channel through
which credit-market expansion—an increase in available A—reduces the effective cost of

housing services and stimulates demand.

FUC, Asset Prices, and Bubble Dynamics

The FUC framework provides a direct link between housing finance conditions and the

dynamics of asset prices, illuminating the mechanism through which speculative bubbles
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emerge.

Recall the asset-pricing identity (3.4): the current asset price P equals the present dis-
counted value of all future user costs. In steady state, this collapses to:
U/ U/

PH — = 3.16
' TN =76 +6 wl(\)—c+é (3.16)

Equation (3.16) encodes the two channels through which credit and expectations drive asset

prices.

The credit channel. An expansion of mortgage lending—a rise in A or a compression of
p™—lowers r{ (\) via (3.13). From (3.14), this reduces u/, and from (3.16), a lower user cost

denominator raises the asset price P for any given service flow Utf . The causal chain is:

A or |p" :>¢7“{(>\) :>¢U{ — t P/

This is the mechanism by which credit expansions fuel housing price booms: easy lending
conditions lower the effective cost of holding housing, boosting demand and pushing up

valuations.

The expectations channel. An upward revision in 7y has the same directional effect via
(3.14) and (3.16): it reduces u! and raises P/. Crucially, the resulting capital gain then
validates the expectation, inducing further upward revisions—a self-reinforcing expectations

spiral. The bubble condition is the knife-edge at which the user cost is driven to zero:

wl(N) =0 <= 7t =r/(\)+c (3.17)

When 77 exceeds the threshold th()\) + ¢, the user cost turns strictly negative: the expected

capital gain more than compensates for all costs of holding the asset, so the dwelling “pays”
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the owner to hold it. In this regime, demand is driven not by the welfare value of shelter
services but purely by the anticipated investment return. The market has crossed from the
welfare layer—where housing is priced by its consumption value—into the investment layer,

where it is priced by expected capital appreciation.

Credit amplification of the bubble. The two channels interact. When 7¢ rises, u{ falls,
making housing more attractive to leveraged buyers. Financial institutions, observing rising
collateral values, expand lending (1 \), which further lowers r{ (\) and u/, which in turn
validates further price increases. This feedback loop between credit expansion and asset price
appreciation is the hallmark of speculative housing bubbles. The bubble condition (3.17)
shifts rightward (i.e., is reached at a lower level of 7f) as leverage increases, because higher
A lowers 7{ (\). Formally, differentiating (3.17) with respect to \:

onyt arl(\)
oN O\

=p"—p° <0 (3.18)

Higher leverage lowers the expected-appreciation threshold at which the bubble condition is

triggered: credit expansion makes it easier for the market to enter the investment layer.

The market crosses from the welfare layer—where housing is priced by its consumption
value—into the investment layer, where it is priced by expected capital appreciation. The
theoretical and measurement consequences of this regime transition, and the opportunity

cost approach that bridges the two layers, are developed in Section 3.4.
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3.4 The Dual Nature of Housing and the Opportunity Cost Ap-

proach
Welfare Layer and Investment Layer

The theoretical framework of Sections 3.1-3.3 reveals that housing simultaneously occupies
two conceptually distinct economic layers whose divergence generates the observed disconnect

between rental prices and asset prices.

The welfare layer is the layer in which housing is valued as a consumption good. A household
occupying a dwelling derives a flow of shelter services—warmth, space, security, locational
access—whose shadow price is determined by preferences, income, and available alternatives.
In this layer, the relevant price is the minimum per-period cost of obtaining a constant-quality
unit of shelter, which is precisely what the Koénus COLI requires. The rental equivalence
approach (with new-contract rents) and the user cost approach both seek to measure this
welfare-layer price. The welfare-layer price responds to changes in household preferences,

population, and the physical stock of housing, but not to financial conditions per se.

The investment layer is the layer in which housing is valued as a financial asset. A dwelling
is a claim on a future stream of shelter services, and its market price is the present discounted
value of all future service flows, capitalised at the household’s opportunity cost of capital
net of expected appreciation. In this layer, the relevant price is the asset price P which
responds to changes in interest rates, credit conditions, and expectations about future prices.
The acquisitions approach operates entirely in the investment layer, measuring asset price

movements rather than service-flow costs.

The conceptual distance between the two approaches is therefore not merely quantitative
but qualitative. The rental equivalence approach asks: “what does the market charge to rent
this dwelling for one period?”—a welfare-layer question. The user cost approach asks: “what

Y

is the net financial cost of owning this dwelling for one period?”—a question that bridges the
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two layers through the user cost formula (3.14), decomposing the asset’s holding cost into a
welfare component (r/ 4+ ¢) and an investment component, (—7¢). The acquisitions approach

7

asks: “what is the market price of this dwelling?”—a pure investment-layer question.

In a frictionless market in long-run equilibrium, the two layers are connected by the landlord’s
zero-profit condition (Online Appendix B, equation (B.4)): equilibrium rent equals user cost,
which in turn reflects the capitalisation rate applied to the asset price. This connection breaks
down precisely when it matters most: during episodes of rapid asset price appreciation or
contraction, the investment layer dominates, the asset price diverges from its fundamental
value, and the welfare-layer price of shelter moves in the opposite direction to the investment-
layer price. Formally, differentiating the asset-pricing identity (3.4) with respect to 7f yields:

op

on§

oul
on§

> 0, =-1<0 (3.19)

A rise in expected capital gains simultaneously raises the asset price and lowers the welfare-
layer cost of owner-occupancy. This sign reversal is the mathematical signature of the

welfare—investment layer divergence.

The Opportunity Cost Approach

The COLI measures the minimum expenditure required for a household to achieve a given
utility level; it is therefore a welfare concept. The COLI-consistent period price of housing
services is the welfare-layer price—the minimum cost of obtaining one unit of shelter in the

current period, given the best available alternatives.

In a market without frictions, a utility-maximising household chooses between renting at the
new-contract rent R or owning at the Financial User Cost FUC;()\). The COLI-consistent

price is the minimum of the two:

Poou = min{FUC;(\) - B, R} (3.20)
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(Online Appendix B, equation (B.2)). In competitive equilibrium, FUC; - P¥ = RN, and
(3.20) reduces to either approach. In disequilibrium, the household chooses the cheaper

mode of access, and the COLI price is the lower of the two.

Diewert (2008)[7] observes, however, that a homeowner foregoes the mazimum of the two

alternatives by not switching tenure. The owner-occupier’s true opportunity cost is therefore:
OCy(\) = max{FUC,(\)- P/, R} (3.21)

The relationship between the OC approach and the COLI depends on the prevailing market
regime. When FUC; - PH < RN (the investment regime: capital gains are large, user
cost is low), both the COLI (3.20) and the OC (3.21) equal RY—the two coincide. When
FUC; - PH > RN (the capital-cost regime: high interest rates, low expected appreciation),
the COLI equals RY while the OC equals FUC; - PH: the OC provides an upper bound on

the true COLI price. This regime analysis is summarised in the ordering above.

The OC approach is always non-negative—it avoids the implausible negative prices that
afflict the user cost approach during bubble episodes—and provides an upper bound on both
the rental equivalence and user cost measures individually. These properties make it a useful

benchmark for assessing the sensitivity of CPI measurement across different market regimes.

Why Negative User Costs Are Welfare-Theoretically Inadmissible

A natural question arises: if a household genuinely benefits from owning a dwelling during
a bubble episode—because expected capital gains exceed all carrying costs—is not the user
cost correctly negative, reflecting the true economic gain? This objection, while intuitive in
the context of investment accounting, rests on a conflation of two distinct economic roles of

housing that the COLI framework is specifically designed to separate.

The COLI measures the minimum expenditure required to achieve a given utility level, not a
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given level of financial wealth. Shelter services—warmth, space, security, locational access—
enter the household utility function directly and independently of the asset’s financial re-
turns. A household’s utility from occupying a dwelling for one period is strictly positive by
definition: the dwelling delivers a positive flow of shelter services. The COLI-consistent price
of that flow must therefore be strictly non-negative, because no household would willingly

forgo a positive utility flow in exchange for a zero payment.

Formally, the household’s problem can be written as ming p - q subject to U(q) > @, where
housing services h € q enter U with a strictly positive marginal utility OU/0h > 0. The
Lagrangian conditions require that the COLI price of housing services, p" = \-(9U/0h) > 0,
where A > 0 is the expenditure multiplier. A negative price for a good with positive marginal
utility is inconsistent with utility maximisation: it would imply that the household should
consume an infinite quantity of shelter services, which violates feasibility. The COLI therefore
cannot assign a negative price to housing services, regardless of the financial returns accruing
to the asset. The negative values generated by the UC formula during bubbles reflect the
conflation of the welfare layer and the investment layer: the term —7f captures a financial

benefit to the asset holder, not a reduction in the consumption cost of shelter.

The OC approach resolves this conflation by construction. In the investment regime (FUC; -
PH < RN), the dwelling’s financial advantage is real, but the household’s consumption of
shelter services costs at least RY—the competitive market price at which the same shelter
services can be obtained from rental. No utility-maximising household would value its shelter
flow at less than RY if it is the opportunity cost of the best alternative. Setting OC; = RN
in this regime is not a statistical adjustment; it is the application of the opportunity cost
principle of the COLI itself. The financial gain from holding the asset above and beyond
this consumption cost belongs to the household’s investment account, not its consumption
account, and should be recorded accordingly in asset price indices or balance sheets—not in

the CPL.
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A fundamental requirement of the COLI is that the period price p™* refer to a constant-quality
unit of housing services. If the quality of the dwelling changes between periods—as it does
continuously through physical deterioration of the structure—then a comparison of observed
prices across periods conflates genuine price changes with quality changes, producing a biased
index. This is the depreciation measurement problem, and it is central to both the rental

equivalence and user cost approaches.

To see the problem formally, let ¢, denote the quality-adjusted quantity of housing services

delivered by a dwelling of age A in period ¢. Under geometric depreciation at rate 9:
¢ = (1-08)"qo (3.22)

where qq is the service flow at age zero. The COLI requires the price of one constant-quality

unit, i.e., the observed price normalised by the quality index:

h.t
Rt _ DPobserved
pconst—qual - (fiergSBA (323)
If depreciation is ignored (6 = 0), the price index declines over time simply because older
dwellings deliver lower-quality services, even if the true constant-quality price is rising.
As Japan’s housing stock ages—the average age of dwellings has risen steadily over the

study period—a CPI that ignores depreciation will systematically understate the true cost

of constant-quality shelter services.

This bias has distinct manifestations in the two approaches. In the rental equivalence ap-
proach, the observed rent for a dwelling of age A reflects the market valuation of (1 — §)4
units of constant-quality service; the COLI-consistent rent per unit is R;(A)/(1—§)*, which
rises with age. A rent survey that does not quality-adjust for building age will understate
the true price increase as the stock ages. In the user cost approach, 0 enters the user cost

formula directly as the rate at which the service flow declines; an underestimate of 9 directly
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underestimates the carrying cost and thus the service-flow price.

The COLI requirement of constant quality therefore demands that 6 be estimated consis-
tently across the rental and ownership sectors, and that identical age adjustments be ap-
plied in both. Inconsistent depreciation assumptions introduce systematic wedges between
the rental equivalence and user cost approaches that reflect measurement choices rather
than market conditions. The depreciation estimation methodology used in this paper, based
on hedonic regressions on the full 40-year transaction dataset, is described in Online Ap-

pendix C.

Long-Run Expectations and the Service-Flow Price

The user cost formula (3.14) contains the expected capital gain rate 7{, which is unobservable.
The choice of proxy for this expectation is not merely technical: it is a substantive question
about the horizon at which households form expectations when making housing decisions,

with direct consequences for the COLI-consistency of the resulting price index.

Housing is a long-lived asset whose service life typically exceeds fifty years. A household
purchasing a dwelling makes a decision whose welfare implications extend over decades. The
expectations relevant to the user cost formula are therefore long-run expectations about the
secular trend in house prices, not short-run speculative forecasts. Using the short-run realised

appreciation 72t

as a proxy for 7y is conceptually inappropriate for the COLI, because it
introduces investment-layer volatility into the welfare-layer price of shelter—precisely the

conflation the COLI framework is designed to avoid.

Formally, let 7' denote the long-run secular appreciation rate, reflecting fundamental drivers
such as population growth, income growth, and land supply constraints. A household with

rational long-run expectations sets 7¢ = 7. The COLI-consistent user cost is then:

g
T
h
=
|

=\ +c—at (3.24)
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Equation (3.24) varies over time only through changes in 7 (), which responds to monetary

policy and credit conditions, but not to short-run speculative movements in asset prices.

This is the appropriate welfare-layer measure.

The deviation of realised appreciation from the long-run rate defines the investment premium
¢y = m* — L. Using the realised rate instead of the long-run rate introduces —¢; into the
measured user cost:

u{,aet _u{,L _ _(W?ct _7TL) = —& (3.25)

During booms (¢; > 0), the realised-appreciation user cost is lower than the welfare-layer

user cost by the investment premium; during busts (¢; < 0), it is higher. This is the

mechanism by which short-run expectation proxies import investment-layer volatility into

the measured COLI, generating the procyclical biases documented in Section 3.1. In this
L

paper, 7~ is estimated from the long-run HP-filtered trend of the 40-year appreciation series

(Online Appendix A).

Household Heterogeneity and the Limits of Aggregate Measurement

A comprehensive welfare analysis of housing costs must acknowledge a fundamental distri-
butional asymmetry that is invisible in aggregate price indices: the cost of housing services
differs radically across households depending on whether they own or rent, when they entered

the market, and how they are financed.

In most advanced economies—and Japan in particular—housing wealth is concentrated
among older and wealthier households who purchased their dwellings decades ago at much
lower prices. For these households, the nominal user cost is anchored to the historical pur-
chase price P (7 < t) and may be very low; moreover, the unrealised capital gain PH — PH
further augments their welfare. Younger and lower-income households who do not yet own
are subject to the full impact of rising prices: they either pay current market rents or face

the prospect of purchasing at elevated prices and bearing the full financing cost at current
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mortgage rates.

This distributional asymmetry can be formalised through the COLIL. For a homeowner who
purchased at price P¥ in period 7 < t, the welfare-layer cost in period ¢ is approximately

ul (\) - PH. For a new buyer, it is uf () - P¥. The ratio of the two COLI prices is:

h,t t—1
Prew buyer __ P_tH _ H(l +7Tact) > 1 (3 26)
ht ~ pH — s '
Dincumbent T s=T

during sustained appreciation. This generational heterogeneity in housing costs—between
those who already own and those who do not—has grown substantially over the 40-year
study period for Tokyo. A fully satisfactory treatment would require a heterogeneous-agent
extension of the COLI framework, computing separate sub-indices by age, income, tenure
status, and entry cohort, as explored theoretically by Diewert and Nakamura (2011)[9].
Such an extension requires household-level data on purchase prices, financing conditions,
and tenure history that are rarely available at the scale and frequency required for CPI
compilation. This paper does not pursue the heterogeneous-agent framework; the empirical
analysis in Section 4 is conducted at the aggregate level. The heterogeneity issue is, however,
an important caveat to the interpretation of the aggregate index numbers presented here,

and remains a central open problem for future research.

4 Empirical Comparison of OOH Measurement Approaches

4.1 Data and Quality-Adjusted Price and Rent Indices

The empirical analysis draws on individual property listing records compiled by Recruit Co.,
Ltd. from the SUUMO platform, the largest real estate information service in Japan. The
underlying Recruit/SUUMO database spans the Greater Tokyo Area (Tokyo Metropolis,

Kanagawa, Saitama, and Chiba prefectures), but the present study restricts the hedonic
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estimation and all index construction to the Tokyo Special District (the 23 wards), the
densest and most liquid segment of the Tokyo condominium market and the geographic unit
most directly comparable to the official Tokyo CPI OOH component. The 23-ward sample
comprises approximately 357,627 condominium sale records, 615,791 single-family house sale
records, and 2,139,043 new-lease condominium rental contracts over the period January 1986
to December 2025—480 monthly observations in total. A detailed description of the data
and hedonic methodology is provided in Appendix F (Tables F.8-F.10 and Figure F.6); this

section summarises the key features relevant to the measurement comparison.

The Recruit/SUUMO records are listing-based: each observation records the asking price
posted by the seller at the time of advertisement, not the final negotiated transaction price.
A natural concern is whether asking prices are systematically biased relative to transaction
prices, which could introduce an upward-level bias into the quality-adjusted indices. Shimizu,
Nishimura and Watanabe (2016)[17] directly address this concern by comparing the full cross-
sectional distributions of four price types collected at successive stages of the buying/selling
process for Tokyo condominiums: (1) initial asking prices from SUUMO listings, (2) final
asking prices at the time of offer, (3) contract prices from the REINS realtor database,
and (4) registry prices from the Ministry of Land, Infrastructure, Transport and Tourism.
Using quantile hedonic regressions and Kolmogorov-Smirnov goodness-of-fit tests, they find
that the unconditional distributions differ substantially—mainly because the four datasets
cover different sub-populations of dwellings—but that once quality differences are controlled
for, “only small differences remain between the different house price distributions.” The
KS statistic for quality-adjusted initial asking prices versus registry prices is D = 0.058,
which, while statistically significant, is economically small relative to the magnitude of the
cross-regime divergences documented in this paper. These results establish that asking-price-
based hedonic indices produce quality-adjusted measures that are comparable to transaction-
price indices, provided appropriate quality controls are applied—precisely the methodology

employed in Appendix F.
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The quality-adjusted price index P (t) and new-lease rent index R""(t) are constructed by
the rolling-window hedonic methodology of Shimizu, Nishimura and Watanabe (2010a)[41]
(Appendix F, Sections F.2-F.3; see also Section F.7 on advantages over repeat-sales), evalu-
ating the fitted hedonic surface at fixed standard characteristics: 60 m? floor space, 10-year
building age, 5-minute walk to the nearest station, 20-minute commute to Otemachi CBD,
Shinjuku Ward, reinforced concrete structure. Both indices are normalised so that their 2020
annual mean equals 100. The official CPI series used as the benchmark in Section 4.4 is the
Tokyo CPI OOH component (imputed rent) published monthly by the Statistics Bureau of

Japan, also normalised to 2020 = 100.

Table 3 summarises the key series over the full sample and across the four market episodes
defined in the calibration (Appendix E): the Bubble (1987:01-1990:12), Deflation (1993:01-
2003:12), Low-rate (2014:01-2020:12), and Recent (2021:01-2025:12) episodes.

Table 3: Summary Statistics: Quality-Adjusted Price, Rent, and CPI OOH by Market Episode
(2020 = 100)

Series Bubble Deflation Low-rate Recent  Full
PH(t) (price index) 118.0 69.1 91.5 1176  85.9
RV (t) (rent) 87.7 89.0 94.8  104.8 928
Official CPI OOH 90.8 106.4 99.9  100.8 101.2
Rent-to-price ratio R/P (%) 1.9 3.5 2.6 2.3 3.0
HP-smoothed 7¢ (% p.a.) 14.9 -7.1 4.6 5.3 2.1
BOJ prime rate (% p.a.) 6.2 2.8 1.0 1.5 2.7

Note: Episode-mean values. Price and rent indices are normalised to 2020 = 100. 7¢ is the HP-filtered
expected appreciation rate (Agp = 129,600). Full-sample: 480 monthly observations, 1986:01-2025:12.

Several features of the data are immediately noteworthy. The price index exhibits three large
cycles over the 40-year sample, ranging from a Bubble-era mean of 118.0 to a Deflation-era
trough of 69.1—a peak-to-trough decline of approximately 41 per cent. The rent index,
by contrast, is strikingly stable: it ranges from 87.7 (Bubble) to 104.8 (Recent), a full-
sample coefficient of variation far below that of the price index. This divergence between

price volatility and rent stability is the central empirical manifestation of the dual nature
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of housing documented in Section 3: the investment layer drives the asset price, while the
welfare layer anchors the flow cost of shelter. The HP-smoothed expected appreciation 7¢
ranges from +14.9 per cent per annum in the Bubble to —7.1 per cent in the Deflation,
a swing of more than 22 percentage points that is the primary driver of the measurement

divergence quantified in the following subsections.

4.2 Construction of the Five Measurement Series

All five measurement series are constructed from the common dataset described in Sec-
tion 4.1, using the calibration parameters of Appendix E (Table E.6). This section sum-

marises the construction of each series; full computational details are given in Appendix A.

Acquisitions approach. The acquisitions index is the quality-adjusted price index P (¢)
itself, normalised to 2020 = 100. Its annual inflation rate is the first log-difference A In PH () x
12, which equals the annualised realised appreciation 72°*. No imputation or parameter cal-

ibration is required beyond the rolling-window hedonic regression (Appendix F; see also

Table F.8 and Table F.9).

Basic User Cost (HP-smoothed). The Basic UC rate is u}®ic = yP"™ L ¢ — 7¢ where
¢ = 0+7+m = 0.034 is the carrying cost rate and 7{ is the HP-filtered expected appreciation
with Agp = 129,600 (robustness analysis in Appendix G, Section G.1). The monetary index
is Up»ic = ybasic x PH(¢) normalised to 2020 = 100. We use the HP-smoothed variant
throughout the main text; the realised-appreciation variant (Basic UC act) is volatile and
produces negative values in 70.8 per cent of Bubble-episode months, making it unsuitable
as a standalone CPI measure. The depreciation rate 0 = 0.020 is calibrated from the
hedonic estimates described in Appendix C (Section C.3 and Table C.7): the pooled log-

linear estimate yields 6 = 0.0204 per annum (SE = 0.0003), and the rolling-window mean is
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0.0203—both within a rounding margin of the MLIT benchmark of 0.020 (see also [30][31]).
The sensitivity of the FUC to this calibration is documented in Table G.16 (Appendix G,
Section G.7): a £0.2 pp band around § = 0.020 shifts the user cost rate by exactly £0.002

per annum in every observation.

Financial User Cost: Types A, B, and C. The FUC framework (Appendix E) replaces
the single prime rate with a leverage-weighted composite financing rate r;{ (A=A 4+ (1 —
A)r¢, where 7" = rP™° 10.005 is the mortgage rate and r¢ = ™™ + 0.020 is the equity
opportunity cost rate. Three household types are defined by their LTV ratio \: Type A
(A = 0.20, low-leverage), Type B (A = 0.50, baseline), and Type C (A = 0.80, high-leverage).

The FUC rate and monetary index for type j are:

ul =r{(\)+e—nf, Ul =ul x P"(t), je{A B,C} (41)

The FUC exceeds the Basic UC by a constant financing premium: u] — up®i€ = \;p™ + (1 —
Aj)p° € {0.017, 0.0125, 0.008} for Types A, B, C respectively (see equation E.13).

Payments approach. Following the framework of Appendix A.4 and Goodhart (2001)[11],
the payments rate captures the cash outflows borne by owner-occupiers from mortgage in-

terest and property tax:
P = At T, UPT — 2% 5 PH(t) (4.2)

Principal repayment is excluded as a saving component. Three variants are constructed
corresponding to the same leverage types A, B, C. Unlike the FUC, the payments rate
is strictly positive in all periods: it rises when nominal mortgage rates rise—regardless of
whether expected appreciation is offsetting the carrying cost—and therefore does not capture

the true economic cost of shelter.
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New-contract rent index. The quality-adjusted new-lease rent index R"*"(¢), normalised
to 2020 = 100, serves as both the rental-equivalence measure and the COLI-consistent bench-
mark in the opportunity cost computation. It is constructed from the same rolling-window

hedonic as the price index, using the rental sub-sample of 2,139,043 new-lease contracts.

4.3 Comparison of Index Levels and Inflation Rates

Table G.11 (Appendix G, Section G.2) presents the episode-mean levels of all measurement
series, normalised to 2020 = 100. The variation across approaches and episodes is substantial

and follows the theoretical predictions of Section 3 closely (Figure 1).

All OOH measurement approaches vs official CPl OOH (Tokyo, 1986-2025)
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Figure 1: All OOH measurement approaches and official CPT OOH, Tokyo 19862025 (2020 = 100).
Shaded regions denote the Bubble (red), Deflation (blue), Low-rate (green), and Recent (grey)
episodes.

The range of measured values across approaches is extraordinary. During the Bubble episode,
the acquisitions index stood at 118.0 while the FUC Type B index was —143.7—a gap of
261.7 index points. During the Deflation episode, the FUC Type B index reached 532.9
while the acquisitions index fell to 69.1—a gap of 463.8 points. These divergences reflect
the sign reversal documented in equation (3.19): the acquisitions index tracks asset prices

(0P /ome > 0), while the FUC tracks the welfare-layer service cost (Ou’ /0n¢ = —1), so the
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two measures move in opposite directions when expected appreciation changes.

Table 4: Annual User Cost Rates (% p.a.) by Approach and Episode

Approach Bubble Deflation Low-rate Recent Full
Rent-to-price (R/P) 1.92 3.45 2.63 2.26 2.97
Acquisitions (A In PT) 21.56 -7.35 481 728 2.76
Basic UC (HP-smoothed) —5.31 13.32 —0.18 —0.43 4.02
Payments A (A = 0.20) 2.73 2.06 1.71 1.80 2.04
Payments B (A = 0.50) 4.73 3.04 2.17 2.40 3.00
Payments C (A = 0.80) 6.73 4.02 2.63 3.01 3.96
FUC Type A (A = 0.20) —-3.61 15.02 1.52 1.27 5.72
FUC Type B (A = 0.50) —4.06 14.57 1.07 0.82 5.27
FUC Type C (A = 0.80) —4.51 14.12 0.62 0.37 4.82

Note: Acquisitions rate = Aln P? x 12 (annualised). Basic UC and FUC use HP-smoothed 7¢; payments
rate = A\r™ 4 T.

Table 4 reports the annual user cost rates. The contrast between the Bubble and Deflation
episodes is striking. During the Bubble, the HP-smoothed expected appreciation of 14.9 per
cent per annum far exceeded the prime rate (6.2%) plus the carrying cost (3.4%), driving the
Basic UC to —5.31% and the FUC types to between —3.61% (Type A) and —4.51% (Type C).
The FUC turned negative in 68.8-72.9 per cent of Bubble-episode months depending on the
leverage type (Table G.12; Appendix G, Section G.3). The acquisitions rate, by contrast,
averaged +21.56% per annum-—signalling severe inflation at the precise moment when the

true per-period cost of shelter was at its historical minimum.

During the Deflation, the pattern reversed completely. With the prime rate at 2.78% and
expected appreciation at —7.14% per annum, the Basic UC rose to 13.32% and the FUC
rates to between 14.12% (Type C) and 15.02% (Type A)—more than five times their full-
sample averages. The payments approach, in contrast, moved modestly: from a Bubble-
era rate of 4.73% (Type B) to 3.04% during the Deflation, tracking the modest decline
in nominal mortgage rates. This illustrates the fundamental limitation of the payments
approach identified in Section 3.1: by ignoring expected capital gains, it fails to capture the

massive swing in the true economic cost of owner-occupancy across regimes.
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4.4 Divergence from the Official CPI

Table 6 reports the mean divergence of each alternative OOH measure from the official CPI
OOH component, in index points (2020 = 100). The sign of the divergence—whether each
alternative is above or below the official CPI-—changes systematically across episodes, and

the magnitudes are large enough to be of direct relevance for monetary policy (Figure 2).
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Figure 2: Divergence from the official CPT OOH component (index points, 2020 = 100). Panel A:
Acquisitions and Payments approaches A, B, C. Panel B: Basic UC (HP-smoothed) and FUC
Types A, B, C.

Four patterns stand out.

First, the user cost approaches (Basic UC and FUC) are uniformly below the official CPI

during the Bubble and the two post-2013 episodes, and above the official CPI during the De-
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flation. This counter-cyclical pattern is theoretically predicted: when expected appreciation
is high, the user cost is compressed below any sticky-rent index; when prices are falling, the
user cost surges above it. The FUC Type B divergence ranges from —234.5 points (Bubble)

to +426.5 points (Deflation)—a swing of 661 index points over the 40-year sample.

Second, the acquisitions approach and the payments approach are pro-cyclical relative to the
official CPI: both are above the CPI during asset-price appreciations (Bubble: 427.2 and
+174.1 for acquisitions and Payments B respectively) and below during deflation (—37.3 and
—4.3). The payments approach is especially sensitive to nominal interest rate movements:
during the Bubble, when the prime rate reached 6.2% per annum, Payments B stood 174.1
points above the official CPI— not because housing services had become more expensive in

welfare terms but because nominal mortgage payments had risen.

Third, the new-contract rent index R"" is the most stable alternative. Its divergence from
the official CPI is modest in absolute magnitude (ranging from —17.4 to +4.0 points) and
switches sign appropriately: the official CPI overstated market rents during the Deflation
(when new-contract rents fell but incumbent rents were sticky) and began understating them

in the Recent episode as post-pandemic appreciation outpaced the official index.

Fourth, over the full 40-year sample, the FUC approaches all lie above the official CPI
(by 94.0-153.8 points depending on leverage type), while the acquisitions index and new-
contract rent lie below (—15.3 and —8.4 points respectively). This ordering—Basic UC and
FUC above CPI, acquisitions and rent below—holds robustly across alternative parameter
calibrations and is consistent with the theoretical prediction that the user cost approach,
which incorporates the full equity opportunity cost, will on average exceed a sticky-rent CPI

that largely tracks historical conditions.
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4.5 The FUC Financing-Structure Spread: Type A vs. Type B vs.

Type C

A distinctive feature of the FUC framework is the constant financing-structure spread be-
tween leverage types. From Appendix E (equation E.12), the spread between Type A and

Type C is:

ul —uf = (A — Ae)(p° — p™) = (0.20 — 0.80)(0.020 — 0.005) = 0.90 pp (4.3)

and the spread between adjacent types is u! — u? = u® —uf = 0.45 pp. These spreads

are independent of the prime rate and of expected capital gains: they depend only on the
difference in leverage ratios and on the fixed premium parameters p"” and p°. The empirical
data confirm this prediction exactly: the estimated spread u — u¢ has a full-sample mean
of 0.9000 pp with a standard deviation of zero (to eight decimal places), confirming that the
spread is strictly constant throughout the 480-month sample (Figure G.11 in Appendix G,
Section G.4 plots the three FUC rate series and the constancy of the spread over the full

sample).

Table G.13 (Appendix G, Section G.4) documents the mean FUC rates by type and episode,

alongside the full-sample composite financing rates from which the spread is derived.

The constancy of the spread has two important empirical implications. First, the ranking
of FUC types is invariant to the market regime: Type A always exceeds Type B, which
always exceeds Type C, regardless of the level of interest rates or the magnitude of expected
appreciation. Higher leverage (higher \) substitutes cheaper mortgage debt for the more ex-
pensive equity return, uniformly reducing the FUC rate. Second, the level of all three FUC
rates moves in parallel: when the Bubble drives expected appreciation upward by z per-
centage points, all three FUC rates fall by exactly x points; when deflation pushes expected

appreciation down by y points, all three rise by y points. The spread therefore provides
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no information about the phase of the housing cycle—it is a pure housechold-heterogeneity
measure, capturing how different financing structures translate into different shelter costs

for households at different positions in the wealth and credit-access distribution.

The full-sample mean composite financing rates are 4.39% (Type A), 3.94% (Type B), and
3.49% (Type C), consistently above the mean prime rate of 2.69% by the respective financing
premiums of 1.70, 1.25, and 0.80 percentage points. These financing premiums—reflecting
the illiquidity premium on residential equity (p¢ = 2.0%) and the bank intermediation spread
on mortgage debt (p™ = 0.5%)—imply that even households with identical housing price and
rent exposure face materially different ownership costs depending on how they finance their
dwelling. Over the 40-year Tokyo sample, this household-level heterogeneity amounts to a
persistent full-sample spread of 0.90 percentage points—approximately 30 per cent of the

mean rent-to-price ratio of 2.97% —between the least and most leveraged household types.

5 Analytical Framework: The Negative User Cost Prob-

lem, Regime Analysis, and Welfare Implications

5.1 The Financial User Cost and the Negative Value Problem

This subsection summarises the Financial User Cost (FUC) framework (Appendix E) and
provides a systematic empirical diagnosis of the negative user cost problem—the most persis-
tent practical obstacle to the adoption of user cost approaches in official statistics—together

with its resolution via the opportunity cost (OC) approach.

The FUC framework

The Basic User Cost uses the prime lending rate as the single opportunity cost of capital,

ignoring that households finance dwellings through both mortgage debt (rate 1 = ™™ 4
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P, p™ = 0.005) and own equity (rate rf = rP"™ 4 ¢ p° = 0.020). For a household
with loan-to-value ratio A, the composite financing rate and FUC rate are (Appendix E,

equations E.3-E.4):
rf(A) = A + (1= \)rs, wl(N) =1 (\) +c—7n¢ (5.1)

where ¢ = 0 + 7+ m = 0.034 is the carrying cost and 7y is the HP-smoothed expected
appreciation (equation 5.1). Three household types are calibrated by LTV ratio: Type A
(A = 0.20, financing premium +2.00 pp), Type B (A = 0.50, +1.25 pp), and Type C
(A = 0.80, +0.50 pp). The FUC strictly exceeds the Basic UC and preserves the ordering
uf < uP < u with a constant spread of 0.90 pp between the extreme types, independent of

the interest rate or appreciation cycle (Appendix E, equations E.11-E.12).

Diagnosis: the negative user cost problem in Tokyo data

The FUC turns negative whenever expected appreciation exceeds the financing cost plus
carrying cost: ul (\) < 0 < 7¢ > r{(\) + ¢. Table 5 documents the incidence of negative

values across all user cost variants and all four market episodes.

Table 5: Incidence of Negative User Cost Values by Approach and Episode (% of months)

Approach Bubble Deflation Low-rate Recent Full
Basic UC (realised 72<t) 68.8 6.8 46.4  60.0 36.2
Basic UC (HP-smoothed 7¢) 72.9 0.0 48.8 75.0 29.4
FUC Type A (A = 0.20) 68.8 0.0 4.8 0.0 10.0
FUC Type B (A = 0.50) 70.8 0.0 28.6 0.0 144
FUC Type C (A = 0.80) 72.9 0.0 38.1 35.0 21.0
OC Type A (= max{FUCy - P7 RN}) 0.0 0.0 0.0 0.0 0.0
OC Type B 0.0 0.0 0.0 0.0 0.0
OC Type C 0.0 0.0 0.0 0.0 0.0

Note: N = 480 months total (Bubble 48, Deflation 132, Low-rate 84, Recent 60). Basic UC (realised) uses
72t = Aln PH x 12. FUC and OC use HP-smoothed 7¢ (Agp = 129,600). OC = max{FUC - PH, RN},
which is strictly positive since RY > 0 always.
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Figure 3: Basic User Cost and Financial User Cost rates (% p.a.) with negative-value episodes
highlighted, Tokyo 1986-2025. The FUC turns negative whenever HP-smoothed expected apprecia-
tion 7§ exceeds the financing-cost threshold 7“{ (A)+c (grey shading). The new-contract rent-to-price
ratio RV /PH (right axis, dotted) is always positive and serves as the floor of the OC approach,
guaranteeing a non-negative OC index in every period.
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Figure 3 plots the FUC rates with negative-value episodes shaded and the rent-to-price floor
superimposed. The severity of the problem is striking. The Basic UC computed with realised
appreciation is negative in 26.2 per cent of all months—174 out of 480—with a minimum
value of —73.2 per cent per annum during the Bubble. Even the HP-smoothed Basic UC is
negative in 29.4 per cent of months and in 72.9 per cent of Bubble-episode months. The FUC
variants improve the situation by raising the threshold 7¢*(\) = 7/ (A)4¢: for Type B with a
Bubble-era prime rate averaging 6.2 per cent, this threshold is approximately 10.8 per cent,
which was nonetheless exceeded by the HP-smoothed appreciation of 14.9 per cent. FUC
Type B was negative for 34 consecutive months from January 1987 to October 1989, with
a minimum of —13.7 per cent (Figure G.9 in Appendix G, Section G.1 plots the complete
FUC rate series with negative-value episodes shaded; the HP-filter robustness check confirms
this finding is not an artefact of the smoothing choice). These are not brief technical aber-
rations: they represent multi-year periods during which any UC-based CPI series would be

uninterpretable as a cost-of-living measure.

Resolution: the opportunity cost approach

Three approaches to the negative value problem have been proposed: (i) smoothing ¢
via HP filter or rolling windows (reduces incidence, as documented above, but does not
eliminate it under extreme appreciation); (ii) replacing time-varying ¢ with a long-run
constant calibrated to secular fundamentals (removes cyclical sensitivity but makes the index
unresponsive to the market conditions that matter most for policy); and (iii) the opportunity
cost approach of Diewert (2008)[7]. The OC approach takes OC] = max{u{” - P¥, RN}:
because the new-contract rent R is strictly positive in every period, the OC index is bounded
below by zero by construction (the theoretical justification is in Appendix B, Section B.5;

the full regime-classification results are in Appendix G, Section G.5).

Table 5 shows that the OC approach eliminates negative values entirely across the full 480-
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month Tokyo sample—for all three household types, including during the most extreme
phases of the Bubble. This is the first large-scale empirical confirmation that the OC ap-
proach functions as Diewert (2008)|7] intended. The mechanism is clean: during investment-
regime months when FUC < RY (the dwelling is financially advantageous to hold), the OC
index equals RY-—the welfare-layer rent that is always positive. During capital-cost-regime
months when FUC > RY, the OC index equals the FUC, which in such periods is already
positive. The OC approach thus automatically selects the positive component of the pair

{FUC- PH RN} in every period, without requiring ad hoc smoothing or truncation.

This finding has direct implications for the European HICP debate. The negative-value
problem has been among the two primary technical objections to user cost-based OOH
measurement in official statistics (the other being the procurement of quality-adjusted resi-
dential property price indices). With the first objection now empirically resolved, the imple-
mentation barrier reduces to the second—a data infrastructure question that is addressable
through investment in residential property price index programmes, several of which already
exist across EU member states. The calibration parameters for all FUC and OC calculations

are summarised in Appendix E, Table E.6.

5.2 Rental Equivalence and COLI Consistency

The theoretical ordering derived in Appendix B (Theorem B.1) predicts that the COLI-
consistent price of housing services is the new-contract rent RY, which is systematically
lower than the unadjusted market rent (by the landlord friction wedge) and lower than
the roll-over rent index during appreciation episodes (by the stickiness wedge ;). Table 6

confirms both predictions in the Tokyo data.

The ordering RN < R3¢t during appreciation and the reversal during deflation are not
merely statistical artefacts: they follow mechanically from the time-dependent adjustment

structure established in Section 5.1. With an adjustment hazard of Ay =~ 0.001 per month,
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the incumbent-rent aggregate responds to a change in the new-contract rent target with an
implied half-life of approximately In(2)/ Ao ~ 630 months. The practical implication is that
the official CPI rent index embeds market conditions from many years in the past, making

it a poor proxy for the current opportunity cost of shelter at any point in time.

The new-contract rent index RY, by contrast, tracks current market conditions by construc-
tion. Over the full sample its mean level (2020=100) is 92.8, compared with 101.2 for the
official CPI OOH component—a persistent gap of approximately —8.4 points that reflects
the accumulated overhang from the Deflation episode. During the Recent episode (2021—
25), the new-contract index has risen above the official index (o; > 0, mean +4.0 points),
providing early warning that the CPI is beginning to understate the true cost of shelter in
the current cycle—precisely the configuration that matters for inflation-targeting monetary

policy.

These results provide empirical support for the recommendation of the CPI Manual (IMF
et al., 2025[19]) that the rental equivalence approach be implemented using new-contract
rents. In Japan, where the micro-evidence of Shimizu et al. (2010) [15] documents a Calvo
parameter of 0.975, the difference between the two rent concepts is quantitatively large
enough to shift measured inflation by 1-2 percentage points per year at cyclical peaks—a
magnitude sufficient to materially distort the signals available to the Bank of Japan under

an inflation-targeting framework.

5.3 The Opportunity Cost Approach and the Welfare-Investment

Layer Divergence

The opportunity cost approach, formalised in Section 3.4, takes the maximum of the financial
user cost and the new-contract rent as the COLI-consistent period price for OOH: OC{ =

max{U/?, RN}. The regime in which U/¥ < RN-—the investment regime—arises when
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expected capital gains compress the user cost below the prevailing rent; the regime in which
Utf 7> RY-—the capital-cost regime—arises when high interest rates or falling prices raise

the cost of ownership above the rental alternative.

Table G.14 (Appendix G, Section G.5) reports the share of months classified into each regime
for the baseline FUC Type B (A = 0.50), and Figure 4 shows the regime classification together

with the OC index and the price-to-rent ratio.

Panel A: FUC_B vs R“new — regime classification

1250 4 FUC Type B (monetary, 2020=100) FUC > R™new (cap-cost reg.)
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1000 A

750 4

100)

500 -

250 -

Index (2020:

=250

=500 1

Panel B: Opportunity cost OC_B

1250 A

1000 -

750 A

100)

500

250 4

Index (2020

=250 4

=500 - —— 0OC = max(FUC_B, R*new) R*new
FUC_B

Panel C: Price-to-rent ratio

—— Price-to-rent ratio P/R  ---- Full-sample mean (3621.4)
6000 -

5000 -
2000 /w\/—ﬂ—//
0007 / \‘\\v-v_/\/\/

2000 A

P/ (R_a/100)

1000 A

19I85 19I90 19‘95 20‘00 20‘05 20‘10 20‘15 20‘20 20‘25
Figure 4: Opportunity cost approach and regime classification (FUC Type B baseline). Panel A:

FUCp vs RN with investment/capital-cost regime shading. Panel B: OCp index (2020 = 100).
Panel C: Price-to-rent ratio PH# /RN .
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The regime classification reveals a striking asymmetry across episodes that confirms the

theoretical predictions of Section 3.4.

During the Bubble episode (1987-90), the market was in the investment regime for 75 per
cent of months, and the FUC rate turned negative in 70.8 per cent of months. The mean
FUC Type B rate was —4.06 per cent per annum (Table G.15; Appendix G, Section G.6),
with the HP-smoothed expected appreciation of 14.88 per cent more than offsetting the
financing cost of 6.17 per cent (mean prime) plus the carrying cost ¢ = 0.034. This is
precisely the configuration described by the bubble condition (3.17): expected appreciation
exceeded 7/ (\) + ¢, making the dwelling “pay” the owner to hold it in net financial terms.
The acquisitions index registered annual appreciation of 21.6 per cent over the same period—
signalling severe inflation at the exact moment when the COLI-consistent user cost was at

its lowest historical level.

During the Deflation episode (1993-03), the regime reversed almost completely: 93.9 per
cent of months were classified as capital-cost regime, with the mean FUC Type B rate
reaching 14.57 per cent per annum—more than five times its full-sample average. The prime
rate fell to 2.78 per cent on average, but the HP-smoothed expected appreciation of —7.14
per cent added a substantial penalty to the user cost, producing the highest ownership costs
in the entire 40-year sample. The official CPI OOH index, anchored by sticky roll-over rents
(stickiness wedge o, averaging —17.4 points), moved in the opposite direction—registering
the highest level of the series at a mean of 106.4 (2020=100)—while the market was actually

imposing exceptional shelter costs on new entrants.

During the Low-rate episode (2014-20), 100 per cent of months were in the investment
regime, with the mean FUC Type B rate of 1.07 per cent per annum reflecting the near-zero
prime rate (mean 1.03 per cent) and positive HP-smoothed appreciation of 4.61 per cent.
Despite this, FUC turned negative in 28.6 per cent of months, indicating that even at the

long-smoothed appreciation rate, the dwelling’s financial benefit periodically exceeded all
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carrying costs.

During the Recent episode (2021-25), 100 per cent of months were in the investment
regime. The mean FUC Type B rate of 0.82 per cent per annum—close to the rent-to-
price ratio of 2.26 per cent—indicates a market near equilibrium, but with the balance tilted
toward the investment regime by the 5.34 per cent HP-smoothed appreciation. The stickiness
wedge turned positive (o; mean +4.0 points), providing the first extended period in the
sample during which the official CPT OOH has understated the current market opportunity

cost of shelter.

The sign reversal in equation (3.19)—that P /0n® > 0 while Ou’ /On® = —1—is directly
observable in Table G.15: comparing the Bubble and Deflation episodes, the acquisition price
rose 21.6 per cent per annum on average during the bubble while the FUC rate was —4.06 per
cent, and fell 7.35 per cent during deflation while the FUC rate was 14.57 per cent. The two
measures moved in opposite directions in both episodes, confirming the welfare-investment
layer divergence as a structural feature of the Tokyo housing market over the full 40-year

sample.

5.4 CPI Expenditure Weight Bias and Depreciation Sensitivity

Section 3.1 showed theoretically that the acquisitions approach assigns a CPI expenditure
weight equal to the value of net new purchases of dwellings, which is a small fraction of
the total value of housing services flowing from the existing stock. The ratio of the COLI-
consistent user cost value to the acquisitions value is given by equation (3.5):

Ve (L) +0)
vy o g+9o

(5.2)

Calibrating this formula with the full-sample Tokyo estimates (g = 2.87 per cent, r* = 2.69

per cent, § = 0.020) yields V;?/V2 ~ 0.99—approximately unity, in contrast to the baseline
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calibration value of 1.68 used in Table 1. This result reflects a structural feature of the
Tokyo data: the long-run nominal appreciation rate of housing (g = 2.87 per cent) closely
tracks the average prime rate (r* = 2.69 per cent), making the denominator (g + ¢ = 0.049)
and the numerator’s key term (r* 4+ 0 = 0.047) nearly equal. In the theoretical baseline,
r* = 0.030 > g = 0.010, so the ratio substantially exceeds unity; in the Tokyo data, the

secular trend of rising asset prices over four decades has compressed this gap.

Sensitivity analysis confirms the linearity of the user cost rate with respect to the depreciation
rate: Ju;/0d = 1 in every period, so a change of £0.002 (i.e., £0.2 percentage points) in &
shifts the FUC rate by exactly £0.002 per annum in every observation. Table G.16 reports
the corresponding changes in the V;?/V{ ratio. The robustness of this calibration is grounded
in the hedonic evidence: Appendix C (Section C.3) presents two independent methods for
estimating ¢ from Tokyo condominium transaction data, and Table C.7 shows that both
the pooled estimate (5 = 0.0204, SE = 0.0003, N = 357,627) and the rolling-window mean
(6 = 0.0203 across 467 windows) lie within one basis point of the MLIT benchmark of
d = 0.020. This convergence across estimation methods—Method 1 (the nonlinear builder’s
model) and Method 2 (the log-linear age coefficient)—implies that the user cost sensitivity
to 0 documented in Table G.16 is an upper bound on the true calibration uncertainty: since
the two hedonic methods agree to within 4+0.001, the effective band is £0.001 rather than

+0.002, and the implied change in V2/V} is less than 0.001-—negligible in economic terms.

The near-unity weight ratio has an important implication for CPI construction in Japan. The
standard argument against the acquisitions approach—that it assigns an expenditure weight
far below the true welfare-consistent value—applies most strongly in economies where the real
interest rate substantially exceeds the long-run appreciation rate. In Japan, the combination
of prolonged low interest rates and secular asset price appreciation has compressed this
differential, making the weight distortion from the acquisitions approach relatively small
in magnitude compared with the price distortion documented in the previous subsection.

The dominant source of CPI bias in the Tokyo data is therefore not the weight channel but
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the price channel: the systematic procyclicality of the acquisitions index and the persistent

undershoot of the sticky-rent CPI relative to the new-contract benchmark.

5.5 Implications for Monetary Policy and CPI Reform

The empirical findings of Sections 5.1-5.4 converge on a conclusion with direct implications
for three audiences: central banks operating under inflation-targeting frameworks, national
statistical offices seeking to incorporate OOH into their CPIs, and the European institutions

that have been unable to resolve the HICP impasse since 2014.

Cyclical mismeasurement and monetary policy. The most striking finding is the
directional pattern of divergence between the official CPI OOH component and the COLI-
consistent alternatives. Table 6 reports the mean divergence of each alternative from the

official CPI OOH in index points (2020 = 100) by episode.

Table 6: Divergence from Official CP1 OOH by Measurement Approach and Market Episode (index
points, 2020 = 100)

Approach Bubble Deflation Low-rate Recent Full
Acquisitions — CPI +27.2 -37.3 -83 +16.8 —15.3
Basic UC (HP-smoothed) — CPI —622.4 +1113.9 —111.2 —166.2 +314.3
Payments B (A = 0.50) — CPI +174.1 —4.3 —-8.0 +31.5 +24.1
FUC Type A (A=0.20) — CPI  —188.2  +344.4 —424 —43.9 +94.0
FUC Type B (A =0.50) — CPT  —234.5  +426.5 —49.8 —56.9 +117.5
FUC Type C (A =0.80) — CPI  —306.1 +553.5 —61.1 —77.1 +153.8
RYN (new-contract) — CPI -3.1 —17.4 —51  +4.0 -84

Note: All series normalised to 2020 = 100 before differencing. Positive values indicate the alternative is

above the official CPT OOH; negative values indicate it is below. FUC uses the monetary index uj x PH;
OC values (not shown) equal OC x PH /PJL,, x 100 and are always positive (Table 5).

Three findings are particularly relevant for monetary policy.

First, the FUC approaches diverge from the official CPI in a counter-cyclical direction: sub-

stantially below the CPI during the Bubble (FUC Type B: —234.5 points) and substantially
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above during the Deflation (+426.5 points), a full-cycle swing of 661 index points. Under
a standard Taylor rule with a response coefficient of 1.5, the Bubble-era understatement of
shelter costs would have biased the policy rate downward by approximately 2-3 percentage
points, reinforcing the credit expansion that sustained the bubble. The Deflation-era over-
statement would have similarly biased the policy rate upward, deepening and prolonging the

contraction.

Second, the payments approach exhibits the opposite procyclicality to the FUC: above the
official CPI during the Bubble (4+174.1 points, reflecting high nominal mortgage rates) and
approximately aligned during the Deflation (—4.3 points). This pattern is driven not by
changes in the true welfare cost of shelter but by the nominal interest rate cycle, confirming
the theoretical critique of Lebow and Rudd (2003)[40] and the caution of the CPI Manual

(IMF et al., 2025[19]) against its use as a primary OOH measure.

Third, the new-contract rent index R¥—and, closely tracking it, the OC approach—provides
the most stable and policy-relevant alternative. Its divergence from the official CPI is modest
in absolute magnitude, ranging from —17.4 (Deflation) to +4.0 (Recent), and switches sign
appropriately across regimes. During the Recent episode (2021-25), the stickiness wedge
has turned positive (mean +4.0 points, maximum +15.7 points), indicating that the official
CPI OOH is currently understating the market opportunity cost of shelter. For the Bank of
Japan, which began rate normalisation in 2024, this understatement implies that the true

cost of living faced by households seeking shelter is rising faster than the official CPT records.

The price channel dominates the weight channel. The finding in Section 5.4 that
VP /VY 2 0.99 in the Tokyo data—compared with the theoretical calibration value of 1.68—
has an important practical implication. The dominant source of OOH measurement bias in
the Tokyo data is the price channel: the procyclical acquisitions index and the lagging sticky-

rent official CPI. The weight channel, which has received most attention in the theoretical
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literature (Diewert and Nakamura, 2011[9]), is of secondary importance when the long-run
asset appreciation rate closely tracks the average financing cost—a configuration that has
become common across major OECD cities since the mid-2010s. This finding shifts the
priority order for measurement reform: correcting the price measure (via new-contract rents

or the OC approach) yields larger welfare gains than recalibrating expenditure weights.

Bridging to the reform roadmap. The three pillars of the empirical analysis—the em-
pirical resolution of the negative user cost problem via the OC approach (Section 5.1),
the quantification of the stickiness wedge between new-contract and incumbent rents (Sec-
tion 5.2), and the dominance of the price channel over the weight channel in Japan (Sec-
tion 5.4)—together justify a concrete three-step reform roadmap. Step 1 (immediately feasi-
ble for any statistical agency with an existing rent survey) is the transition to new-contract
rents (Appendix A, Section A.2; Appendix F, Section F.6). Step 2 (feasible for agencies
with established residential property price indices, including several EU member states) is
the supplementary publication of the OC index, which this paper has shown to be free from
negative values in practice. Step 3 (longer term) is the introduction of leverage-differentiated
FUC sub-indices to make visible the distributional dimension of OOH costs. This roadmap

is developed in detail in Section 6.

A counterfactual: Taylor-rule policy rates under alternative OOH measurement.
To illustrate the policy stakes of OOH measurement concretely, Figure 5 constructs a coun-
terfactual Taylor rule exercise. We replace the official CPT OOH component with the new-
contract rent-based alternative RY—the most immediately implementable reform—and re-

compute the standard Taylor rule (equation 5.3):

iy = rneu+7r*+¢<7TtCPI—7T*)a it =na"=2%, ¢=15 (5.3)
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Panel A of Figure 5 shows the two CPI inflation series, and Panel B shows the corresponding

Taylor-implied policy rates together with the actual BOJ prime rate.

The counterfactual reveals a systematic and cyclically asymmetric policy bias. During the
Bubble episode (1987-90), the RV-based CPI registers average inflation of 3.1 per cent
per annum— 1.3 percentage points above the official CPI (1.8 per cent). Under the Taylor
rule with ¢ = 1.5, this difference implies a tighter counterfactual policy rate averaging +2.0
percentage points above the official-CPI path (maximum +4.6 pp in 1990:Q1). The actual
BOJ prime rate averaged 6.2 per cent, but the Taylor rule applied to the official CPI implies
only 3.7 per cent: the official CPI was signalling that policy was already tight, when in reality
the new-contract rent index was recording a sustained inflationary premium. Had the Bank
applied the Taylor rule to the RV-based CPI, the implied rate of 5.7 per cent would have
been substantially closer to the actual rate, providing a stronger theoretical rationale for the

1989-90 tightening cycle.

During the Deflation episode (1993-2003), the asymmetry reverses. The RY-based CPI
registers average deflation of 0.3 per cent per annum, while the official CPI is close to zero
(—0.02 per cent). The counterfactual implied rate averages —0.5 pp below the official-CPI
path, reaching a maximum gap of —4.4 pp at the trough of the deflation. Under the RY
metric, the Taylor rule signals a need for more aggressive easing than the official CPI would
suggest—consistent with the observed persistence of the Lost Decades deflation and the
subsequent literature attributing the Bank of Japan’s policy stance to an excessively benign

reading of the official shelter cost component (Hoshi and Kashyap, 2004]26]).

During the Recent episode (2021-25), the R"-based CPI runs modestly above the official
CPI (mean gap +0.7 pp), implying a counterfactual Taylor rate averaging +0.7 pp higher
than the official-CPI path. This is consistent with the stickiness wedge turning positive
(mean +4.0 index points) during this period and provides empirical support for the view

that the Bank of Japan’s normalisation cycle, begun in 2024, is somewhat behind the curve
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relative to what a R¥-based CPI would imply.

Panel A: CPI inflation under alternative OOH ement appr h
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Figure 5: Taylor-rule counterfactual: policy implications of replacing the official CPI OOH com-
ponent with the new-contract rent index RY. Panel A: CPI inflation rate (% p.a., 12-month log
change) under the official CPI, the R"-based alternative, and the OC-based alternative. Panel B:
Taylor-rule implied policy rate (i* = 2% +2% + 1.5(m; —2%)) under the official and R"-based CPIs,
together with the actual BOJ prime rate. Shaded regions: Bubble (red), Deflation (blue), Low-rate
(green), Recent (grey).

6 Conclusion

This paper has developed a unified theoretical framework that nests five approaches to

the measurement of owner-occupied housing (OOH) services—acquisitions, rental equiva-

lence, user cost, payments, and opportunity cost—as special cases of the single identity
T T

U = T;r +c— 7T2L, where the pair (r], 7)) characterises each approach’s treatment of the

opportunity cost of capital and of expected capital gains. We have implemented all five
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approaches on a common dataset of approximately 3.1 million property transactions and
rental contracts for the Tokyo Special District (23 wards) over the 40-year period 1986
2025, allowing a direct comparison free from the compositional and data-source differences
that confound most existing comparative studies. The central empirical finding is that the
choice of measurement approach is not a matter of minor statistical convention: during the
late-1980s Bubble episode, the acquisitions index registered annual appreciation of 21.6 per
cent while the Financial User Cost (FUC) type B rate stood at —4.06 per cent; during the
Deflation of 19932003, the acquisitions index fell at 7.4 per cent per annum while the FUC
rate reached 14.6 per cent. The two dominant approaches moved in opposite directions in
both episodes, confirming the theoretical prediction that the investment layer and the welfare

layer of housing diverge systematically across the asset-price cycle.

Tokyo as a laboratory for extreme cases and universal lessons. Tokyo occupies an
unusual position in the international literature on OOH measurement: it is simultaneously
one of the most extreme cases and one of the best-documented. The Calvo rent-adjustment
parameter estimated from the full 40-year panel is 1 — Ao = 0.9989—approximately 34 times
higher than the corresponding estimate of 0.71 for the United States (Genesove, 2003|10])—
implying that the official CPI rent index embeds market conditions from several decades in
the past. The full-sample stickiness wedge averages —8.4 index points (2020 = 100), and
swings from —17.4 during the Deflation to +4.0 during the Recent episode, indicating that
the official CPI has variously overstated and understated the true opportunity cost of shelter

by economically significant margins.

Precisely because these features are extreme, Tokyo provides the most stringent test yet
conducted of the five OOH measurement approaches. The lessons are transferable. First, the
structural condition that generates large measurement divergences—expected appreciation
7¢ that substantially exceeds or falls short of the financing cost r/(\) + ¢— is not unique to

Japan. The same condition was present in the United States and the United Kingdom during
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the 2000s bubble, in Australia during the 2010s, and in most major OECD cities during the
post-pandemic appreciation of 2021-25. Second, the finding that V;9/V{ ~ 1 in the Tokyo
data—in contrast to the theoretical calibration value of 1.68 (Appendix B, Section B.4)—
reflects the compressed differential between the long-run asset appreciation rate (g = 2.87
per cent) and the average prime rate (r* = 2.69 per cent) over four decades (depreciation
sensitivity in Appendix G, Section G.7). This configuration, in which prolonged low interest
rates and secular asset price appreciation are simultaneous, is shared by many cities that
have experienced sustained house-price booms since the mid-2010s. In this environment, the
dominant source of CPI bias is the price channel—the procyclical acquisitions index and the
lagging sticky-rent official CPI—rather than the weight channel, a finding that reshapes the

priority order for measurement reform.

The negative user cost problem: diagnosis and resolution. The most persistent
technical obstacle to the adoption of user cost approaches in official statistics is the possibility
of negative user cost values during episodes of rapid house-price appreciation. The Tokyo
data quantify this problem at an unprecedented scale. The Basic User Cost computed with
realised appreciation (uf**" = pPri™e . gact) ig negative in 36.2 per cent of the 480-month
sample—174 months in total—with a minimum value of —73.2 per cent per annum during
the height of the Bubble. Even with HP-filter smoothing, the Basic UC remains negative in
29.4 per cent of months and in 72.9 per cent of Bubble-episode months. The FUC reduces
the incidence of negative values by raising the threshold through the financing premium—for
Type B with a Bubble-era prime rate averaging 6.2 per cent, the zero-crossing threshold is
7¢* &~ 10.8 per cent, which was nonetheless exceeded by the HP-smoothed appreciation of
14.9 per cent for 34 consecutive months (January 1987 to October 1989). This magnitude

of persistent negative user costs renders any UC-based CPI series uninterpretable as a cost-

of-living measure for sustained periods.
The empirical analysis demonstrates, however, that the opportunity cost (OC) approach of
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Diewert (2008)[7]—taking OC; = max{FUC,; - PH, RN}—resolves this problem completely
and without further smoothing. Because the new-contract rent RY is strictly positive in
all periods, the OC index is bounded below by zero by construction. In the Tokyo data,
all three OC variants (Types A, B, and C) record zero months with negative values across
the full 480-month sample—a finding that holds even during the most extreme phases of
the Bubble. The OC index automatically selects the welfare-layer rent during investment-
dominated regimes (when FUC < R”) and the capital-cost-layer FUC during capital-cost
regimes (when FUC > RY), producing a series that is always non-negative, always inter-

pretable, and always responsive to current market conditions.

Three approaches to resolving negative UC values have been proposed in the literature:
(i) HP-filter or rolling-window smoothing of expected appreciation; (ii) use of a long-run
constant appreciation rate calibrated to secular fundamentals; and (iii) adoption of the
OC approach. The Tokyo evidence indicates that approaches (i) and (ii) reduce but do
not eliminate the problem when appreciation is exceptionally large and persistent, while
approach (iii) eliminates it entirely. We therefore concur with Diewert (2008)[7] and Diewert
and Nakamura (2011)[9] that the OC approach is the preferred implementation of the user
cost principle for official statistics, and we provide the first large-scale empirical confirmation

that it functions as intended.

Implications for national statistical offices. FEurostat has sought since 2014 to incor-
porate OOH into the Harmonised Index of Consumer Prices (HICP) but has been unable to
reach methodological agreement among EU member states. As of 2025, the HICP continues
to exclude OOH, and the experimental OOH-PI published by Eurostat uses the acquisitions
approach—which this paper identifies as the approach most prone to procyclical mismea-
surement. The deadlock reflects two related concerns: the absence of theoretical consensus
on which approach is COLI-consistent, and the practical difficulty of implementing user cost

methods that can produce negative values.
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The present paper addresses both concerns directly. On the first, the theoretical ordering
of Appendix B (Theorem B.1) establishes that the adjusted new-contract rent and the FUC
are the only two COLI-consistent measures under competitive equilibrium, and that the OC
approach provides an upper bound that is always non-negative. On the second, the Tokyo
evidence demonstrates that the OC approach eliminates negative values in practice, even
under extreme bubble conditions (leverage-type incidence in Appendix G, Section G.3; full
regime-classification in Section G.5). We propose a three-step implementation roadmap for

national statistical offices.

Step 1 (immediately feasible): Transition from incumbent (roll-over) rents to new-contract
rents in the rental equivalence approach (methodology in Appendix A, Section A.2; Tokyo
empirical contrast in Appendix F, Section F.6). This requires no new data collection beyond
a reorientation of existing rent surveys toward newly signed leases. In Japan, this transition
would eliminate a stickiness wedge that averages —8.4 index points over the full sample
and exceeds —17 points during the Deflation. For countries with lower rent stickiness than
Japan—including Germany (Calvo parameter ~ 0.78) and the United States (= 0.29)—the
gain is smaller in magnitude but still economically significant at cyclical peaks (Hoffmann
and Kurz, 2002|18]; Genesove, 2003[10]). The 2025 edition of the CPI Manual (IMF et al.,
2025[19]) already recommends this transition; this paper provides the quantitative evidence

to motivate its priority.

Step 2 (medium term): Publish the OC index as a supplementary series alongside the official
CPI. Countries with established residential property price indices (RPPIs)—including the
Netherlands, France, Germany, and the Nordic countries—can implement this step with-
out significant new infrastructure. The negative-value problem that has made user cost
approaches appear impractical in official statistics is resolved by the OC formulation, as
documented above. Iceland’s existing implementation of a user cost-based CPI (Gudna-

son and Jonsdottir, 2011[33]) provides the institutional precedent; the OC approach is the

67



natural extension that removes the remaining technical concern about negative values. Fen-
wick (2009,2012)[4][5] argued that statistical agencies should publish a range of OOH indices
suited to different analytical purposes; the OC index would be the welfare-consistent member

of such a suite.

Step 3 (longer term): Introduce FUC variants differentiated by household leverage type,
drawing on administrative data on the distribution of loan-to-value ratios across the housing
stock. The constant financing-structure spread of 0.90 percentage points between the low-
leverage (Type A) and high-leverage (Type C) FUC variants documented in this paper means
that even a simple two-type decomposition would capture the bulk of the distributional
heterogeneity in OOH costs. Publishing leverage-differentiated FUC indices would make
visible the generational divide between existing homeowners (whose costs are anchored to
historical purchase prices) and new market entrants (who face current asset prices and current

financing rates)—a dimension of inequality that is invisible in any aggregate index.

Implications for monetary policy. The CPI measurement biases documented in this
paper are not merely statistical artefacts: they translate directly into policy miscalibration
under inflation-targeting frameworks. The FUC Type B index diverges from the official
CPI OOH component by —234.5 index points during the Bubble and +426.5 points during
the Deflation—a full-cycle swing of 661 index points. Under a standard Taylor rule with a
response coefficient of 1.5, the Bubble-era understatement of shelter costs would have biased
the policy rate downward by approximately 2-3 percentage points, reinforcing the credit
expansion that sustained the bubble. The Deflation-era overstatement would have similarly

biased the policy rate upward, deepening and prolonging the contraction.

The Recent episode (2021-25) carries immediate policy relevance. The stickiness wedge
has turned positive (mean +4.0 index points, maximum +15.7 points), indicating that the

official CPI OOH component is currently understating the new-contract rent benchmark.
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For the Bank of Japan, which has operated in an inflation- targeting framework since the
2010s and has begun to normalise rates from 2024, this understatement implies that the
true cost of living faced by households seeking shelter in the current market is rising faster
than the official CPI records. More broadly, the post-pandemic appreciation observed across
major global cities—Tokyo, London, Sydney, Vancouver, New York—suggests that the mea-
surement problem identified in this paper is a live issue for central banks worldwide, not a

historical curiosity confined to Japan’s bubble era.

Limitations and directions for future research. The empirical analysis of this paper
is conducted at the aggregate level, treating the OOH stock as if all households faced the
same quality-adjusted price and rent indices. Diewert and Nakamura (2011)[9] demonstrated
formally that a fully welfare-consistent treatment requires heterogeneous-agent sub-indices
differentiated by tenure status, entry cohort, and financing structure. Constructing such
sub-indices requires household-level data on purchase prices, outstanding mortgage balances,
and renovation expenditures that are rarely available at the frequency and coverage required
for monthly CPI compilation. Developing administrative data linkages between property

transaction records and household survey data is therefore a priority for future work.

Second, the Tokyo findings should be replicated in other major metropolitan areas to es-
tablish which features of the results are specific to Japan’s institutional environment— in
particular, the exceptional rent stickiness under the Shakuya Ho—and which are shared by
cities that have experienced comparable asset-price cycles. The simultaneous availability of
quality-adjusted price and rent indices from the same sampling frame, which is the method-
ological foundation of the present study, is a prerequisite for such comparisons and highlights

the value of investing in integrated property information platforms.

Third, the analysis has focused on condominium properties in the Tokyo Special District

(23 wards). The extension to single-family houses, where the land-structure decomposition
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is more complex (Appendix D), and to smaller cities and rural areas, where thin rental
markets make the rental equivalence approach less reliable, raises additional methodological

challenges that merit separate investigation.

The central conclusion of this paper is simple to state even if its quantitative implementation
is demanding: no single OOH measurement approach is adequate for all purposes and all
market regimes. The unified framework u; = TI +c— mT clarifies what each approach mea-
sures and for what purpose it is suited. The empirical evidence from four decades of Tokyo
data shows that the consequences of choosing the wrong approach—or of failing to choose at
all, as in the European HICP—are measured in hundreds of index points of CPI divergence,
in percentage points of policy rate miscalibration, and in the systematic misrepresentation
of the welfare costs of the largest component of household consumption. The OC approach,
grounded in the Kénus COLI and free from negative-value problems, together with a transi-

tion to new-contract rents, offers the most practical and theoretically consistent path forward

for statistical agencies seeking to resolve this long-standing measurement impasse.
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A The Three Main Approaches to OOH Measurement:

Computation, Advantages, and Disadvantages

This appendix provides a detailed treatment of the three main approaches to measuring
owner-occupied housing (OOH) services in the Consumer Price Index (CPI). For each ap-
proach, we describe (i) the theoretical motivation, (ii) the step-by-step computation proce-
dure, and (iii) the principal advantages and disadvantages. The fourth approach considered
in the main text—the opportunity cost approach—is a synthesis of the rental equivalence

and user cost approaches and is described in Section 3.4 of the main paper.

A.1 The Acquisitions Approach
Theoretical Motivation

The acquisitions approach treats the purchase of an owner-occupied dwelling symmetrically
with the purchase of any non-durable consumption good: the entire purchase price is at-
tributed to the period of acquisition. The underlying rationale is that measuring monetary
expenditures on new dwellings—rather than imputed service flows—provides a transactions-

based measure of inflation that requires minimal imputation.*

Computation

Step 1: Define the scope of transactions. The acquisitions approach covers net pur-
chases of dwellings by the household sector from other institutional sectors. In practice, this

consists primarily of:

4Goodhart (2001, p. F350) describes the first of the main approaches as follows: “The first is the net
acquisition approach, which is the change in the price of newly purchased owner-occupied dwellings, weighted
by the net purchases of the reference population. This is an asset-based measure, and therefore comes close
to my preferred measure of inflation as a change in the value of money, though the change in the price of the
stock of existing houses rather than just of net purchases would in some respects be even better.” Eurostat
(2017) provides a comprehensive description of the approach.
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e Purchases of newly constructed dwelling units from builders or developers.

e Net purchases of second-hand dwellings from non-household sectors (e.g., local govern-

ments selling public housing).

Purchases of existing dwellings between households cancel out in aggregate and are therefore

excluded.

Step 2: Construct the price index. The price index for the acquisitions approach is a

quality-adjusted price index for new dwellings, Pi°Y. Two primary methods are used:

(a)

Construction cost index. If the land component of new house prices is excluded (as
in the Eurostat HICP framework), the price index is approximated by a construction

cost index:
Ct(l + Mt)

pad :
! Co(1 + o)

(A1)

where C; is the construction cost per square metre in period ¢t and p, is the builder’s

profit margin.

Hedonic price index. When transaction data on new dwellings are available, a

hedonic regression of the form
In Prlgt = o+ Z Bk Zkn + Ent- (A2)
k

is estimated, where z;,, are quality characteristics of dwelling n (floor area, building
age, location, etc.) and oy are period fixed effects. The quality-adjusted price index is

then P/ = exp(é&y;)/ exp(dyp). This is the method used in the main text.

Step 3: Apply the expenditure weight. The expenditure weight for OOH under the

acquisitions approach is the value of net new purchases of dwellings in the base period,
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w4 = PH . Qb where Q5 is the net quantity of new dwellings acquired by households.

The contribution of OOH to the overall CPT is w? - P4/ Pyl

Step 4: Land inclusion or exclusion. A critical implementation decision is whether
to include land in the price index. The Eurostat HICP framework excludes land (treating
only the structure as a consumption good), so P;“? tracks construction costs only. If land is
included, the hedonic approach in Step 2(b) is required to separate quality-adjusted dwelling

prices from pure location effects.

Advantages

e Conceptual simplicity. No service-flow imputation is required (beyond standard

quality adjustment), making the approach transparent and replicable.

e Consistency with other durables. The acquisitions approach treats housing sym-
metrically with all other durable goods in the CPI, such as automobiles and household

appliances.

e Based on actual transactions. Prices are derived from market transactions, avoid-

ing the subjective assumptions required for service-flow imputations.

e Preferred by central banks for inflation monitoring. Because it avoids imputa-
tion, the acquisitions index is free from assumptions about interest rates, depreciation,

and expected capital gains, making it more robust for policy purposes;®

Disadvantages

e Does not measure the service flow. The acquisitions approach prices the purchase

of a durable asset, not the consumption of shelter services. These two concepts coincide

®See Fenwick (2009, 2012) for this argument.
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only for a one-period-lived asset. for long-lived dwellings, the acquisitions price embeds

expectations about all future service flows and capital gains.

e Highly volatile expenditure weights. Net acquisitions fluctuate sharply over the
housing cycle: they are large during booms and may collapse to near zero during
downturns, even though households continue to consume shelter services from the
existing stock. This makes the CPI sensitive to the choice of base year; see Hill,

Steurer and Waltl (2017).

e Understates the true cost of housing. Because only new purchases are counted,
the acquisitions weight is far smaller than the implicit rental value of the entire OOH
stock. Studies consistently find that the acquisitions expenditure weight is 5-10 times

smaller than the corresponding rental equivalence or user cost weight.

e Problematic for cross-country comparisons. In countries with high homeown-
ership rates, the acquisitions weight is small because existing dwellings change hands
infrequently. This makes international comparisons of inflation misleading when home-

ownership rates differ across countries.

e Land decomposition difficulty. If land is to be excluded (as in the HICP frame-
work), the observed transaction price must be decomposed into land and structure
components, which itself requires econometric methods.

A.2 The Rental Equivalence Approach

Theoretical Motivation

The rental equivalence approach imputes the period price of OOH services as the market rent
for a comparable dwelling. The theoretical justification rests on the equilibrium condition

that, in a competitive rental market, the rent a landlord charges just covers the full cost
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of providing one period of housing services, including the opportunity cost of capital. The

System of National Accounts (1993) states:

“As well-organized markets for rented housing exist in most countries, the
output of own-account housing services can be valued using the prices of the same
kinds of services sold on the market with the general valuation rules adopted for
goods and services produced on own account. In other words, the output of
housing services produced by owner-occupiers is valued at the estimated rental
that a tenant would pay for the same accommodation, taking into account factors
such as location, neighbourhood amenities, etc. as well as the size and quality of

the dwelling itself.”

Computation

Step 1: Choose the rent concept. A fundamental choice must be made between:

e New-contract (market) rent R}*": the rent agreed in a newly signed lease. This re-

flects the current opportunity cost of occupancy and is the theoretically correct concept

for the Koénus COLI.

e Contract (roll-over) rent R{°™7?: the rent paid by a continuing tenant under an
existing lease. This is the concept used in most official CPIs, including Japan’s, because

it is easier to collect.

In a market with rising prices, R} > R™2 due to rent stickiness: landlords do not
fully adjust rents for continuing tenants. The gap can be substantial and persistent over the
housing cycle; see Shimizu, Nishimura and Watanabe (2010b), Genesove (2003), and Lewis
and Restieaux (2015).
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Step 2: Construct the quality-adjusted rent index. A hedonic regression is estimated

on rental transaction data:
In Rn,t = Mt + Z 5}? Zk.n + 85,1‘,7 (AB)
k

where 2, are the same quality characteristics as in the price hedonic (A.2). The quality-
adjusted rent index is P/™ = exp(ji;)/ exp(fig). A 13-month rolling-window version of this

regression is used in the main text; see Appendix F for implementation details.

Step 3: Adjust for new-contract vs. contract rent. If contract rents are collected
but new-contract rents are desired, a correction factor x; can be estimated as the ratio of

new-contract to contract rent from a subsample of newly signed leases:
R?ew = K- fil(ﬁtontract7 Ky Z 1. (A4)
In Japan, x; has been estimated to exceed 1.3 during rapid appreciation episodes.

Step 4: Adjust for landlord-specific costs. Observed market rents include costs that
do not apply to owner-occupiers: vacancy losses, property management fees, and insurance.
ins

Define v, as the vacancy and management rate (as a fraction of rental income) and 7" as

the insurance cost ratio. The imputed rent for an owner-occupier is
ROOH = Rrev . (1 — ) — 7" 55 PH. (A.5)

In practice, most statistical agencies skip this adjustment, so the rental equivalence measure

slightly overstates the true OOH service cost; see the user cost equation in the main paper.
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Step 5: Annualise and normalise. Monthly rents are converted to annual rates: Rf =
ROOH x 12. The rent-to-price ratio is uf* = R?/PH. Normalise the index to the base year:

Prentids = R/ R x 100.

Advantages

e Market-based. Rents are observed in market transactions, providing a direct measure
of what comparable shelter services cost without requiring assumptions about interest

rates or depreciation.

e Consistent with national accounts. The SNA (1993) recommends the rental equiv-
alence approach, ensuring consistency between the CPI and the national accounts mea-

sure of housing services.

e Relatively smooth. Contract rents adjust slowly, reducing CPI volatility. This
is an advantage for monetary policy (which prefers smooth inflation signals) but a

disadvantage for timeliness.

e Widely used and internationally comparable. Most OECD countries apply some

form of rental equivalence, facilitating cross-country comparisons of inflation.

Disadvantages

e Rent stickiness causes measurement lag. Contract rents respond to market con-
ditions with a substantial delay of 12—24 months. During rapidly appreciating markets,
the rental equivalence index based on contract rents understates the current opportu-
nity cost of OOH, giving a false sense of low inflation; see the empirical results in the

main paper.

e Comparability problem. The rental and owner-occupied housing stocks differ sys-

tematically in size, quality, and location. Hedonic regression methods are required to
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control for these differences, introducing estimation uncertainty.

e No comparable rental market for high-end properties. For luxury dwellings,
there is often no rental market counterpart. Rents for high-end properties, when they
exist, tend to be well below the properties’ long-run user costs because only a limited
pool of tenants can afford them. The rental equivalence approach thus understates the

true cost of OOH for high-income households.

e Includes landlord-specific costs. Unless adjusted, observed rents overstate the true

OOH cost by including vacancy and management costs not borne by owner-occupiers.

e Requires imputation. Despite being described as “market-based,” the rental equiv-
alence approach requires imputing a rent for properties that are not actually rented,

introducing subjectivity.

A.3 The User Cost Approach
Theoretical Motivation

The user cost approach derives the period price of OOH services from the financial economics
of asset ownership. It asks: what is the net cost to a household of purchasing a dwelling
at the beginning of a period, occupying it for one period, and selling it at the end? This
cost—the user cost—is the opportunity cost of deploying capital in a dwelling rather than
in a financial instrument, net of the capital gain recovered at the end of the period. The

approach is grounded in the capital theory of Jorgenson (1963) and Diewert (1974).

The user cost rate is defined by

w =1 + ¢ — 7 (A.6)

where 7, is the nominal opportunity cost of capital, ¢ = § + 7 + m is the carrying cost
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rate, and 7¢ is the expected capital gain rate. The monetary user cost is U; = u; x PH.

Financing-structure heterogeneity (Financial User Cost, FUC) is developed in Appendix E.

Step 1: Quality-Adjusted Housing Price Index

A hedonic price index P is constructed from transaction micro-data using equation (A.2).

Normalise to the base year (P expressed with base-year average = 100).

Step 2: Depreciation Rate Measurement

The depreciation rate ¢ is one of the most critical parameters in the user cost formula. It
determines how rapidly the structure component of a dwelling loses value, directly affecting
both the carrying cost term ¢ = d + 7+ m and the land-structure decomposition of the user

cost. Three approaches are commonly used to estimate 0:

(a) Cross-sectional age—price profile. Given secondhand transaction data at a point

in time, estimate the relationship between observed price P! and vintage v:
P = a;+pv+e (A7)

Under geometric depreciation, 5 = In(1 — 9), so b=1-¢ In practice, age enters the
hedonic regression alongside structural characteristics (floor area, location, building type),

and the coefficient on age identifies .

(b) Perpetual inventory method (PIM). If an estimate of the initial replacement
cost Pgq of the structure is available, the current structure value after A years is Pg 4 =
(1 —8)"4Ps. Matching observed resale prices against PIM-implied values yields an estimate
of 6. The MLIT (Ministry of Land, Infrastructure, Transport and Tourism) construction

cost surveys provide Pg( for Japan.
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(c) National accounts benchmark. The Japanese national accounts report the aggre-
gate depreciation rate for residential structures, which can be used as an external benchmark.
The standard calibration in this study is § = 0.020 (annual rate, 2.0%), consistent with the
MLIT surveys and the SNA estimate for reinforced concrete condominiums (Appendix C
reviews the theoretical depreciation models; Table C.7 reports the empirical estimates from

Tokyo hedonic regressions).

Sensitivity of user cost to §. The user cost is linear in 0: du; /00 = 1. A one percentage-
point increase in J raises the user cost rate by exactly one percentage point, independent of
interest rates or capital gains. For a dwelling with P# = 100 (index units), this translates
to a change in the monetary user cost U; of one index unit per year. Uncertainty about ¢ is

therefore a first-order source of uncertainty about the level of the user cost index.

Step 3: Expected Capital Gain Rate and the Volatility Problem

The expected capital gain rate 7y is the most volatile and empirically challenging parameter
in the user cost formula. This section explains why, and how smoothing addresses the

problem.

(a) The realised rate and its volatility. The ex-post (realised) one-period capital gain

rate is

ac PH_PIE
Tt = tTl“ x 12 (A.8)

(annualised from monthly data). Substituting 72" for 7¢ in (A.6) gives the Basic User Cost:

basic __ _ prime act
u e =1y +c — 7 (A.9)

The Basic UC inherits the full volatility of 72°*, which is large for the same reason that the

acquisitions index is volatile: housing asset prices respond immediately to changes in market
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expectations, whereas the flow cost of shelter services moves slowly. In fact, Basic UC and
the acquisitions price index are driven by the same underlying process: both embed current-
period capital gains directly. The key difference is that in Basic UC, the capital gain enters
with a negative sign (it offsets the cost of occupancy), so periods of rapid price appreciation—
such as the Tokyo bubble of 1987-1990 and the post-COVID period of 2021-2025—can drive
uP®'® sharply negative.

(b) The problem of negative user costs. A negative user cost (u; < 0) implies that the
financial gain from holding the dwelling exceeds all carrying costs, so living in the dwelling
appears effectively costless in accounting terms and may even generate net income. While this
is a theoretically coherent result—it occurs in genuine bubble episodes when the investment

motive dominates—it is problematic as a price concept for the CPI for two reasons:

(i) A negative price cannot be averaged meaningfully with other positive CPI prices in a

standard index number formula.

(ii) The signal is driven by expected future gains that may not materialise. If the bubble
bursts, the realised gain is reversed, but the index has already recorded negative service-

flow costs.

These problems motivate the use of a smoothed expected appreciation rate that captures

medium-run trends rather than short-run fluctuations.

(c) HP-filter smoothing. The standard approach, due to Hodrick and Prescott (1997)
and calibrated for monthly data by Ravn and Uhlig (2002), applies the HP filter to the log

. . _ H.
price series ¢, = In P;":

I?}l? Z(gt — gt)2 + S\HP Z(gt-i-l — 221 + gt_1)2 (AlO)
b t
fit smocREmess
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with Agp = 129,600 (monthly). The smoothed expected appreciation rate is
w8 = (b — L) x 12 (A.11)

The HP filter decomposes ¢, into a slowly-moving trend ¢, and a cyclical component. By
construction, 7y tracks the medium-run trend in housing prices rather than month-to-month
fluctuations, substantially reducing—though not eliminating—the volatility of the resulting

user cost.

(d) Alternative smoothing methods. The HP filter is not the only option. Alternative

approaches include:

o Rolling-window average: m; = %Zthl 72t for a window of H months (typically

H = 60 or 120). This method is backward-looking and does not impose a smoothness

penalty on the trend; it tends to respond more slowly to turning points.

e Long-run geomelric average: 7¢ = [(PH/PH )Y/% — 1] x 12 for a window of K years
(15-25 years is typical). Diewert and Fox (2018) advocate this method for land price

inflation.

o Ralional expeclalions approrimation: Set 7; equal to a constant long-run growth rate
estimated over the full sample, reflecting the view that rational households form ex-

pectations based on secular trends rather than recent fluctuations.

All three alternatives yield smoother series than Basic UC but differ in their responsiveness
to regime changes. The sensitivity of the empirical results to the choice of smoothing method

is documented in the main paper.

(e) Summary: the smoothing trilemma. There is an inherent tension between three

desiderata for 7§: (1) accuracy (close to the true expected gain), (2) timeliness (responsive
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to current market conditions), and (3) stability (free from excessive volatility). No single
method achieves all three simultaneously: the Basic UC maximises timeliness at the cost of
stability; a long rolling average maximises stability at the cost of timeliness; the HP filter
provides an intermediate balance. The choice of smoothing method is therefore a substantive
empirical decision, not merely a technical one, and it materially affects the measured CPI

implications of the user cost approach.

Step 4: Carrying Cost Rate

The total annual carrying cost rate is

¢ =38+74+m = 0.020+0.014+0.000 = 0.034 (A.12)

where 0 = 0.020 is the annual structure depreciation rate, 7 = 0.014 is the property tax rate
(Japan’s standard rate under the Local Tax Law), and m = 0 is the maintenance cost rate

(set to zero in the baseline calibration).

Step 5: Basic User Cost Rate and Value

The Basic User Cost (introduced here; the FUC extensions are treated in Appendix E) uses
the prime rate as the financing cost and, optionally, either the realised or HP-smoothed

appreciation rate:

ubasm,act T,prlme c act ( A ]3)
basic ) P pr e e
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The monetary user cost and index are

UgoaSiC — u?asic % PfH (A15)

RUC,basic — Ugoasic/ 75)03428(1]'3 x 100 (A16)

Step 6: Land—Structure Decomposition (Optional)

For a more precise user cost, the land and structure components are valued separately, since
depreciation applies only to the structure. Using the hedonic decomposition of Appendix D,

the full user cost rate is
w = (1 —ip)sp + [re—ise+ (1 +is)d] ss + 7 (A.17)

where s;, sg are land and structure value shares, and 77, ig5; are their expected appre-
ciation rates. In the baseline empirical analysis we use the simplified single-rate formula
(A.14), which applies one HP-smoothed rate to total property value. The FUC variants that

incorporate financing-structure heterogeneity are developed in Appendix E.

Advantages

e COLI-consistent. Directly measures the period-by-period cost of shelter services,

satisfying the Koénus constant-utility benchmark.

e Responds to current market conditions. When interest rates rise sharply, the

user cost rises immediately without the lag of contract rent adjustment.

e Captures capital gains correctly. The financial benefit of holding an appreciating

asset is properly netted out from the occupancy cost.

e Applicable where rental markets are thin. The only feasible approach for high-
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end dwellings with no comparable rental market.

Disadvantages

A4

This

Negative user costs during bubbles. The Basic UC (using realised appreciation)
turns negative when capital gains exceed carrying costs. Smoothing mitigates but does

not fully resolve this problem.

High volatility shared with the acquisitions approach. Both the acquisitions
index and the Basic UC are driven by short-run asset price fluctuations. The FUC
variants (Appendix E) address this via HP smoothing and leverage-weighted financing

rates.

Sensitive to parameter assumptions. Small changes in §, 7, or the smoothing

window for 7f materially affect index levels.

The smoothing trilemma. No single method for estimating 7y achieves simultane-

ously accuracy, timeliness, and stability; see paragraph (e) above.

Difficult to communicate. Less intuitive than market rent; national statistical

agencies have been slow to adopt it (Iceland is the notable exception).

Alternative Approaches

section describes two additional approaches that have been used to measure OOH

services: the payments approach (Section A.4.1), which measures actual cash outflows, and

the opportunity cost approach (Section A.4.2), which takes the maximum of the user cost

and rental equivalence as the theoretically correct service-flow price.
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A.4.1 The Payments Approach

A further approach to the treatment of owner-occupied housing in the CPI, the payments

approach, is described by Goodhart as follows:

“The second main approach is the payments approach, measuring actual cash
outflows, on down payments, mortgage repayments and mortgage interest, or
some subset of the above. ... Despite its problems, such a cash payment approach
was used in the United Kingdom until 1994 and still is in Ireland.” Charles

Goodhart (2001, pp. F350-F351).

Thus the payments approach to owner-occupied housing is a kind of cash flow approach to
the costs of operating an owner-occupied dwelling. It consists mainly of mortgage interest
and principal payments along with property taxes. Imputations for capital gains, for the cost
of capital tied up in house equity and depreciation are ignored in this approach. This leads to
the following objections to this approach; i.e., it ignores the opportunity costs of holding the
equity in the owner-occupied dwelling, it ignores depreciation and it uses nominal interest
rates without any offset for inflation in the price of land and the structure. In general,
the payments approach will tend to lead to much smaller monthly expenditures on owner
occupied housing than the other 4 main approaches, except during periods of high inflation,
when the nominal mortgage rate term may become very large without any offsetting item for
inflation. One reason for implementing this approach is that it may be useful for indexing the
pensions of homeowners; i.e., as the cash costs of home ownership increase, it may be popular
to increase pensions to offset these costs.® This line of argument has some validity but in
recent years, perhaps it is less compelling in many countries due to the ability of homeowners
to draw on their equity with reverse mortgages and to postpone paying property taxes until

the property is sold. However, a cash flow or payments approach to the valuation of the

6Thus the UK still uses the payments approach to value OOH in its Retail Prices Index.
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costs of home ownership may be useful for some users.”

In the following paragraphs, we outline in more detail under what circumstances it may be

useful to use the payments approach in the CPI.3

The payments approach is more consistent with the traditional approach to CPI construction,
which is a carry-over from a time when the CPI was mostly used as a compensation tool. It
also has much to commend it from the point of view of public acceptability as changes in the
cost of servicing the interest on loans that have been taken out to purchase owner-occupier
housing, following changes in interest rates, are reflected in the index. Home owners who
face real increases in costs from a rate rise, for instance, would expect to see this reflected
in their cost of living as measured by an official CPI. A user cost approach would reflect
this increase in costs but a rental equivalence approach may not reflect the magnitude of
the increase in interest rates. It is counter-intuitive to home owners that under the “rental
equivalence” approach owner occupier housing costs can increase when house prices are falling
and interest rates are stable and more people are looking to live in rent accommodation
thereby increasing rents. The latter happened in the UK following the financial crisis of
2008.%Mortgage interest” is more likely to be understood by the general public than “rental
equivalence” and, unlike the latter, the index will directly reflect changes in house prices and

interest rates.

From a technical viewpoint the payments approach measures the following direct expen-
ditures by owners of property: mortgage interest payments; repayment of capital; large
repairs (associated with depreciation from wear and tear as properties get older). There are

no imputed prices. Index compilers typically take every effort to avoid the latter in other

"Fenwick (2009, 2012) has argued strongly that statistical agencies responsible for consumer price indexes
should produce a range of indexes that suit different purposes. Thus the payments approach to OOH could
be produced by statistical agencies that provide multiple consumer price indexes to suit different purposes.
However, the payments approach cannot serve as a reliable guide for pricing the services of OOH.

8he following four paragraphs are due to David Fenwick.

9The user cost approach could also generate an increase in OOH under these circumstances: expected
rates of property inflation could fall, which would lead to an increase in user costs.
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expenditure categories in a CPI.

As with other approaches to the measurement of owner-occupier housing costs there are some
problems associated with the payments approach. A CPI should only relate to consumption
items and should exclude cash disbursements or expenditures which are in the nature of
savings or “investments”. The acquisition of a house can represent a substantial capital asset
— a point which emerges when comparing the position of owner-occupiers with tenants who
rent. It can therefore be argued that the capital element of mortgage repayments should
be regarded as an investment or saving rather than consumption expenditure and should
therefore be excluded from the index. But the counter-argument is that the capital gains
of owning a house which appreciates in value, is of limited relevance when people have to
bear such costs from current income. The question also arises over whether the weight and
price indicator should be net of any tax allowances for mortgage interest payments. It is
in accordance with the principle that a CPI should be based on the amounts actually paid,
that the weight and price indicator should both be based on payments after tax relief. The
biggest practical barrier to the adoption of the payments approach is that it requires a large
volume of data, which may or may not be available to the compiler. The calculation of the
price indicator for interest charges involves two components: the rate of interest and the
average amount of mortgage debt outstanding. To calculate the average outstanding debt at
any one point in time can be problematic as it consists of a large number of individual debts,
some from mortgages taken out recently and others from mortgages taken out some time
ago at historic prices and with some of the debt paid back. Consistent with the fixed basket
approach, average payments are calculated with respect to a fixed stock of new and existing
mortgages (of various ages) equivalent to those existing in the base period. Finally, it can
be noted that the inclusion of owner-occupier housing costs using the payments approach

can increase the volatility of the index in periods where interest rates frequently change.

To conclude this discussion of the possible uses of the payments approach, we note that the

approach chosen should align as closely as possible with the conceptual basis which best
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satisfies the principal purpose of the CPI, subject to adequate data being available to make

a reliable calculation. This applies, of course, to all expenditures covered in a CPI.

At this point, it is useful to review the three ways which can be used to measure consumption

expenditures. The following quotation from the Office for National Statistics (2010, p. 6):

“Consumption expenditure can be measured in three ways which it is impor-

tant to distinguish. These ways are:

Acquisition means that the total value of all goods and services delivered
during a given period is taken into account, whether or not they were wholly

paid for during the period.

Use means that the total value of all goods and services consumed during a

given period is taken into account.

Payment means that the total payments made for goods and services during

a given period is taken into account, whether or not they were delivered.

For practical purposes, these three concepts cannot be distinguished in the
case of non-durable items bought for cash, and they do not need to be distin-
guished for many durable items bought for cash. The distinction is, however,
important for purchases financed by some form of credit, notably major durable
goods, which are acquired at a certain point of time, used over a considerable
number of years, and paid for, at least partly, some time after they were acquired,
possibly in a series of installments. Housing costs paid by owner-occupiers are

an obvious example.”

In what follows, we will look at the problems associated with the three methods of valuation

in a number of specific cases.

Case 1: The payment period coincides with the acquisition period. Let P; be the acquisition

price for such a unit of a durable good in period 1. Then the acquisition price in period
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1 is obviously P, the payments price is also P; and the period 1 user cost price is p; and
its exact form depends on the model of depreciation that is applicable for this particular
durable good. In other words, there are no problems in sorting out the three methods of

valuation in this case.

Case 2: The initial payment period coincides with the acquisition period but payments for
the purchase of the durable continue on for subsequent periods. Suppose that payments must
be made for T' periods and the sequence of monetary payments is mq, 7o, ..., 7. Suppose
also that the sequence of expected one period financial opportunity costs of capital for the
purchasing household is ry, 79, ..., 77_1. Then the discounted stream of payments, P, is the

period 1 (expected) cost of purchasing the good where P, is defined as follows:

Pi=m+1+4r) " m+ @4+r) " (1+r) 7

o (L) (A 4re) (T rpg) . (A18)

In this case, the acquisitions price for the durable good in period 1 is defined to be P;, the
payments price is m; and the user cost will be determined using the appropriate depreciation
model where P, is taken to be the beginning of the period price for the durable good. In
a subsequent period t < T, the acquisitions price for the used durable good will be 0, the
payments price will be 7, and the period ¢ user cost value v; will be determined using the
appropriate depreciation model for this type of durable good. If the useful life of the durable
good happens to equal T and if the period ¢t payment is equal to the corresponding period
t user cost valuation v, for t = 1,2,..., T, then obviously, the period t user cost valuation v,

will be equal to the observable period t payment 7.1

There are problems associated with the computation of the Py defined by (A.18); i.e., in

19The period t user cost valuation v; for a unit of the durable good that is ¢ periods old can be converted
into an equivalent amount of a new unit of a durable good if the geometric or one hoss shay model of
depreciation is applicable for the durable good under consideration. Otherwise, units of the durable good of
different ages at the same point in time need to be aggregated using an index number formula.

A21



order to compute P; when the durable good is purchased during period 1, the sequence of
future payments m; has to be known and guesses will have to be made on the magnitudes
of the sequence of expected nominal interest rates r,. However, the important point to be
made here is that P; defined by (A.18) will be less than the simple sum of the m, S, m,

provided that the nominal interest rates r; are positive.

Case 8: The full payment for the good (or service) is made in period 1 but the services of the
commodity are not delivered until period t. Let the period 1 payment be 71 as usual. Thus the
sequence of payments associated with the purchase of the commodity under consideration
is m; for period 1 and 0 for all subsequent periods. The acquisition of the commodity does
not take place until period ¢ but the appropriate acquisition price P; is not the period 1

payment, mq, but the following escalated period 1 price:

P=04r)14ry) - (1+mr_q)m. (A.19)

The logic behind this valuation is the following one. During period 1 when the product was
paid for, the payment could have been used to pay down debt (at the interest rate 1) or the
payment could have been used to invest in an asset that earned the rate of return ;. Thus
after one period, the opportunity cost of the investment in the pre-purchased product has
grown to m1(1+ ), after 2 periods, the opportunity cost has grown to m;(1471)(1+73),...,
and by period t when the good or service is acquired, the opportunity cost has grown to
m(1+7r)(1 4+ 7)--- (1 +rey), which is (A.19). The important point to be made here is
that P; defined by (A.19) will be greater than the period 1 prepayment, m, provided that
the nominal interest rates r; are positive. Since the product has not been acquired by the
household for periods 1,2,...,¢t — 1, the corresponding user cost valuations, vy, va, ..., v
should be set equal to 0. However, when period ¢t is reached, “normal” user costs can be
calculated for durable goods using the P, defined by (A.19) as the beginning of period ¢

price of the durable, assuming that the form of depreciation is known.
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Prepayment for services or durable goods is widespread; e.g., trip and hotel reservations made
in advance and paid for in advance are service examples and prepayment for condominium

units that are under construction is a durable good example.

Case 4: The good or service is acquired in period 1 but is not paid for until period 2. In this
case, the sequence of payments is 0, 79,0, ...,0. The commodity is acquired in period 1 and

the appropriate period 1 acquisition price is P; defined as follows:

P =(1+r) 'm. (A.20)

The justification for this acquisition price runs as follows: The purchasing household lays
aside the amount of money P; to buy the product in period 1. This money is invested and
earns the one period rate of return r;. Thus when period 2 comes along, the household has
Pi(1 + ry) = m which is just enough money to complete the purchase in period 2. Thus
P, is an appropriate period 1 acquisitions price. If the commodity is a durable good, then
assuming that the form of depreciation is known, P; defined by (A.20) can be used as the
beginning of period 1 price for the period 1 user cost and the entire sequence of user costs

can be calculated.

This form of pricing is used as a way of offering lower prices for a wide variety of products.
A particular application of this model to a service is the use of credit cards to purchase
consumption items. A household that pays its balance owing on time can avoid interest
charges and thus can postpone payment for its household purchases for up to one month in

many cases.'!

If interest rates are very low, then statistical agencies may well find it is not worth taking
into account the above refinements. However, if nominal interest rates are high, it may be

necessary to make some of the above adjustments.

' However, a household that does not pay off its balance owing in a timely fashion will find itself in Case
3 above.
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A.4.2 The Opportunity Cost Approach

The opportunity cost approach to the valuation of OOH services was first proposed by Diew-
ert (2008) and further developed by Diewert and Nakamura (2011). The central insight is
that a household owning a dwelling foregoes two distinct opportunities: (i) renting the prop-
erty to a tenant at the prevailing new-contract rent R}V, and (ii) liquidating the property
and investing the proceeds at the financial user cost FUC,;. The true opportunity cost of

owner-occupancy is the maximum of these two foregone alternatives:

OC; = max{R}*", U,} (A.21)

where U; = u; - PF is the monetary user cost value (see equation (A.15) in Appendix A.3).

Computation.

1. Compute the quality-adjusted new-contract rent R}*" using the hedonic rent regression

described in Appendix A.2.

2. Compute the user cost value U, using any of the FUC variants (A, B, or C) described

in Appendix A.3.
3. Take the element-wise maximum: OC; = max{R}*", U;}.

4. The opportunity cost price index is PPY = OC;/OCx02 x 100.

Regime interpretation. The opportunity cost measure shifts endogenously between two

regimes:

e Investment-dominant regime (U; < RV, ie., u; < RIV/PH): the dwelling’s
financial opportunity cost is low (or negative) relative to the rent it could earn. This

occurs when expected capital gains are large, driving down the net cost of ownership.
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In this regime, OC; = R}V and the opportunity cost measure coincides with the
rental equivalence measure. Tokyo exhibited this regime during the bubble period

(1987-1990) and the recent appreciation episode (2021-2025).

e Capital-cost dominant regime (U; > R}®"): the user cost exceeds the achievable
rent. This occurs when interest rates are high or expected capital gains are low. In
this regime, OC; = U; and the opportunity cost measure coincides with the user cost
measure. Tokyo exhibited this regime during the high-interest-rate period (1989-1993)
and the deflation era (1993-2003).

Advantages.

e True opportunity cost. The approach correctly measures what the household sac-
rifices by owner-occupying rather than pursuing the best available alternative, thus

satisfying the COLI requirement (see Online Appendix B.1).

e Regime-adaptive. Unlike the user cost or rental equivalence approaches individually,
the opportunity cost measure automatically selects the relevant binding constraint,
providing a more stable and economically meaningful index across different market

environments.

e Always non-negative. Since OC, > R}*" > 0, the opportunity cost measure avoids

the negative-value problem that afflicts the user cost approach during bubble episodes.

e Upper bound on OOH service cost. OC, > U, and OC, > R}", so the opportunity
cost approach provides an upper bound on the true COLI price, closing the gap that

arises under the rental equivalence or user cost approach individually.

Disadvantages.
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e Requires both a rent index and a user cost. The approach is more data-intensive

than either the rental equivalence or user cost approach individually.

e Unfamiliar to practitioners. Despite its theoretical appeal, the opportunity cost
approach has been implemented empirically only in a small number of studies;'? na-

tional statistical agencies have not yet adopted it.

e Discrete regime switching. At the boundary where U; = R}V, the opportunity
cost index may exhibit a kink, introducing apparent discontinuities in measured CPI

inflation.

12Shimizu, Diewert, Nishimura and Watanabe (2012) for Tokyo; Aten (2018) for the United States.
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B Theoretical Relationships among the Three Approaches

under the Cost-of-Living Index Framework

This appendix provides a rigorous derivation of the relationships among the three main OOH
measurement approaches—acquisitions, rental equivalence, and user cost—within the frame-
work of the Konus cost-of-living index (COLI). Section B.1 establishes the COLI benchmark
for a housing durable. Section B.2 derives the equilibrium and disequilibrium relationships
between the user cost and rental equivalence. Section B.4 derives the relationship between
the user cost and acquisitions approaches, including an explicit formula for the ratio of ex-
penditure values under the two approaches. Section B.5 summarises the theoretical ordering

of all three approaches under the COLI criterion.

B.1 The COLI Benchmark for a Consumer Durable

Let the household’s preferences over non-durable consumption "¢ and housing services
h be represented by a utility function U(q?, ), where h denotes one period’s worth of
constant-quality shelter. The expenditure function is e(p™?, p", u) = min{(p™ - q*4) +p" - h :
U(q®, h) > u}, where p" is the period price of one unit of housing services. The Koénus

COLI between periods 0 and ¢ is

PK _ 6(pt,nd7 ph,t’ u*)

e(pOnd, pho, u*)

(B.1)

The COLI is well-defined if and only if p™* is a well-defined scalar price for one period’s
occupancy of a constant-quality dwelling. For non-durables, this is trivially satisfied. For
housing—a good that delivers services over many periods—the key question is: which of the

three approaches yields a price p™* that is consistent with the COLI?
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The service-flow requirement. The Konus COLI requires that p™! represent the mini-
mum expenditure per period needed to obtain one unit of constant-quality housing services in
period ¢, given that the household can choose optimally between owning and renting. More
precisely, let p! be the cost of owner-occupancy and pféflt the cost of renting. In a market

without frictions, the household selects the cheaper option, so the COLI-consistent price is
hit : h, ht
pCOLI = mln{po\;nu Prent (BQ)

In Section B.2 we show that in competitive equilibrium p! = pfe’flt, so the COLI price
reduces to either the user cost or the market rent. In disequilibrium, (B.2) implies that the
lower of the two—the user cost when it is below rent, the rent when it is above—is the

COLI-consistent price. This is precisely the opportunity cost approach proposed by Diewert
(2008).

B.2 User Cost and Rental Equivalence: Equilibrium and Disequi-

librium
Competitive equilibrium condition

Consider a risk-neutral landlord who purchases a dwelling at price P/1 at the beginning of
period ¢, rents it out at rate R; during the period, and sells it at price Pﬁrl(l —0) at the end
of the period (where ¢ is the structure depreciation rate and we set the land share to unity
for simplicity; see Section B.3 below for the general case). The landlord’s one-period profit
(per unit of capital) is

I, = R+ P (1—6)— P (1+mr) (B.3)

A28



where 7, is the landlord’s cost of capital. In a competitive market with free entry, profits are

driven to zero: II; = 0, which gives
Rf = P'(1+r)-P(1-0) = U, (B.4)

where U, = [(1 + 7)) — (1 — 0)(1 + 7f)]PF is the end-of-period user cost defined in Ap-
pendix A.3, equation (A.6). Equation (B.4) is the fundamental equilibrium condition: in
long-run competitive equilibrium, market rent equals the user cost. This establishes that
the rental equivalence and user cost approaches are theoretically equivalent—both provide

a consistent measure of the COLI-implied housing price—when equilibrium holds.

Sources of disequilibrium

In practice, several frictions cause R; # U;. Introducing vacancy costs 14, maintenance

expenditure m;, insurance 7,"®, and distinguishing the depreciation rates for rented properties

(6%) and owner-occupied properties (69), the landlord’s zero-profit condition becomes
Ry = [ry—my + 6"+ 75) + 7+ my + v+ | PF (B.5)
while the owner-occupier’s user cost is
u’ = =7+ 478 1 (B.6)

The gap between the observed rent and the owner-occupier’s user cost rate is therefore

R |
pir = = @10 m) b 20 (B.7)

Equation (B.7) decomposes the rent—user cost gap into four identifiable components:

L. (6% — 09)(1 + 7¢): the depreciation differential. Landlords maintain properties less
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carefully than owner-occupiers (6% > §°), so the quality of a rented dwelling declines
faster. For Tokyo condominiums, Shimizu et al. 2012 estimate §% ~ 0.030 versus

69 = 0.020.
2. my: landlord maintenance and overhead costs.
3. v vacancy and management premium.

4. m": insurance costs.

Since all four components are non-negative under normal conditions, (B.7) implies that
observed market rent is a systematically upward-biased proxy for the owner-occupier’s user
cost. The rental equivalence approach therefore overstates the COLI-consistent price of OOH

by the sum of these frictions.

The stickiness wedge

An additional source of divergence arises from rent stickiness. Let R}*" be the new-contract
rent and Rt the roll-over (contract) rent. In a market with rising prices, R¢Y > Rgontract
because landlords do not fully adjust rents for continuing tenants. The COLI-consistent price
requires R" (the current opportunity cost of shelter), whereas most CPIs measure R§omract

(a weighted average of old and new contracts). Define the stickiness wedge as

o = R?eW_R;:ontract > 0 (Bg)

During appreciation episodes, o, is large and positive, causing official CPIs that use contract
rents to understate the current opportunity cost of OOH. Conversely, during price declines,
oy can be negative, causing official CPIs to overstate the true cost. The empirical magnitude

of o; in Tokyo is documented in the empirical analysis of the main paper.
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B.3 Land and Structure Components

A dwelling consists of two components with fundamentally different economic properties:
land (which does not depreciate) and structure (which depreciates at rate 6). Let V; =
PriL + Pgi(1 — 5)AS be the total property value, where Pr, and Pg; are the land and
structure prices, L is land area, S is floor space, and A is building age. Define s, = Pr,L/V,

and sg = Pg;(1 — §)AS/V; as the land and structure value shares.

The full user cost rate for land and structure separately is
Uy = (Tt_iLt) ST, + [Tt—i5t+(1+i3t)(5} Ss + T (Bg)

where 77, and ig; are the expected land and structure price appreciation rates. Since ir;
typically exceeds ig; (land appreciates faster than structures in long-run urban equilibrium),

the land component of the user cost is lower than the structure component ceteris paribus.

The landlord’s full rent decomposition analogous to (B.5) is

R,

v = [ —in+uv+ 71151
t

+ [y —ige + (1 +ig)0" + vy + 79 +my + 7] 54 (B.10)

where 7/, and 7g are the property tax rates on land and structure. Subtracting (B.9) from

(B.10), the rent—user cost gap becomes

R .
Vt—ut =1y + [((5R—5O)(1+i5t)+mt+7r}fns} sg > 0 (B.11)
t

The gap applies only to the structure share sg for the depreciation and maintenance com-

ponents, plus the overall vacancy premium. This refines the earlier result in (B.7).
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B.4 User Cost and Acquisitions: Value Ratio

The acquisitions approach and the user cost approach differ fundamentally in what they
measure: the former prices new purchases of dwellings, while the latter prices the service
flow from the entire stock of dwellings. This section derives, following Diewert (2002), an

explicit formula for the ratio of the two expenditure values.

Setup. Assume geometric depreciation at rate §, constant real interest rate r*, and that
new dwelling purchases have grown at the geometric rate g into the indefinite past. The

acquisitions value in period 0 is

Vi = P%° (B.12)

The user cost value in period 0 is the sum of user costs over all vintages of dwellings currently

in use:

0 0
q q
Ve =0+ (1 _5)170—1 s + (1 - 5)2190(1 T g)2 +
—(1=0\"  (1+9)p"¢
_ 0.0 _ 1 B.13
P’q ;<1+g> . (B.13)

where the sum converges provided g < § + g, i.e., § > 0. Substituting the user cost formula
p’ = (r*+0)P° (the simplified end-of-period user cost with zero asset inflation), the ratio of

the two value flows is
Ve (490 +9)
vy o g+é

(B.14)

Properties of the ratio. Equation (B.14) has several important implications:

1. The ratio exceeds unity under normal conditions. If * > g(1 —9§)/(1 + g)—
a condition satisfied whenever the real interest rate exceeds the depreciation-adjusted
growth rate of housing investment—then V;2/VQ > 1. The acquisitions approach there-

fore understates the true value of housing consumption.
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2. The ratio is increasing in r*. 9(V}/VYQ)/or* = (1 + g)/(g + ) > 0. Higher real

interest rates amplify the gap between the user cost and acquisitions measures.

3. The ratio is decreasing in §. (V/VY)/06 = —(1+g)r*/(g+d)* < 0. For long-lived
assets (small §), the gap is large. for short-lived assets (large J), the two approaches

converge.

4. Numerical calibration for housing. Using annual values § = 0.02, »* = 0.03,
g = 0.01:
1% 1.01 x 0.05

U R 168 B.15
Vo 0.03 (B-15)

The user cost measure values housing consumption at 1.68 times the acquisitions mea-
sure. If the depreciation rate is halved to 6 = 0.01, the ratio rises to 2.02; if the real
interest rate is raised to r* = 0.04, the ratio rises to 2.02. These calibrations confirm
that the acquisitions approach systematically and substantially understates the weight

that housing should receive in the CPI.

5. Convergence for short-lived durables. For clothing or appliances with o = 0.20,
r* =0.03, g = 0.01: V9/V{ ~ 1.11. The two approaches nearly coincide, justifying the

acquisitions approach for high-depreciation-rate goods.

Asset price as present value of user costs. A complementary perspective on the
acquisitions—user cost relationship comes from the asset pricing identity. Under geometric
depreciation and constant parameters, the current asset price equals the present discounted

value of all future user costs:

(1 —0)*up s PH
pH _ ( t+s B.1
t Z (1 + T)s ( 6)

s=0
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In steady state with constant growth rate 7¢ of asset prices, this simplifies to

Ut P, tH

pf = "t
t r—me+ 4

= w =r—7n"4+6 = 1"+ (B.17)

confirming the simplified user cost formula. Crucially, (B.16) reveals that the acquisitions
price PH encodes expectations about all future user costs and capital gains, not merely the
current period. A shock to expected future interest rates or depreciation rates therefore
shifts the acquisitions index immediately, while the user cost index responds only gradually.
This is the fundamental reason why the acquisitions index is far more volatile than the user

cost index.

B.5 Theoretical Ordering under the COLI

The analysis above establishes the following ordering theorem.

Theorem B.1 (COLI-Ordering of OOH Measures). Let plil,, denote the COLI-consistent
price of one period’s housing services in period t. Under the maintained assumptions of

competitive long-run equilibrium, geometric depreciation, and positive expected capital gains:

hit h,t o o new,adj new contract
plt < P, = U = R < RMv < R (B.18)
——
Payments True COLI

where R'"™"Y s the new-contract rent adjusted for landlord-specific costs via equation (B.11),
and the acquisitions price P is not directly comparable to the flow measures above because

it indexes an asset stock, not a period service flow.

The theorem implies:

e The user cost U, and the adjusted new-contract rent R'™*¥ are theoretically

equivalent in equilibrium and both provide COLI-consistent measures of OOH services.
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e The unadjusted new-contract rent R}V overstates the COLI price by the landlord

friction wedge (6% — 69)(1 + 7°)sg + my + vy + 7™ > 0.

e The contract (roll-over) rent R{°"™" further overstates the COLI price by the

stickiness wedge o, = RV — R¢°"r2t > () during appreciation episodes.

e The payments approach understates the COLI price because it ignores the equity

opportunity cost and the capital gain offset.

e The acquisitions approach is not a measure of the COLI period price at all: it
measures asset price inflation (= 7¢), not the service flow cost (= rf + 4). The two

coincide only if v} + 0 = 7, an implausible condition.

These results motivate the empirical strategy of the main paper: to compare all three ap-
proaches in the Tokyo data and to quantify the gaps in (B.18) over different market episodes.
The largest gaps are predicted to occur during episodes of rapid asset price appreciation (large
positive 7f, large positive stickiness wedge o;), exactly the configuration observed during the

Tokyo bubble of 1987-1990 and the post-COVID appreciation of 2021-2025.
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C Depreciation Models:

General Framework, Straight Line, and One Hoss Shay

In this section, a “general” model of depreciation for durable goods that appear on the
market each period without undergoing quality change will be presented. In the following
three sections, this general model will be specialized to the three most common models of
depreciation that appear in the literature. Additional problems that arise when the durable
is a unique good (or when second hand markets do not exist) are discussed in the following

section of this appendix.

The main tool that can be used to identify depreciation rates for a durable good is the
cross sectional sequence of asset prices classified by their age that units of the good sell for
on the second hand market at any point of time.!> Thus in order to apply this method of

measurement, it is necessary that such second hand markets exist.

Some notation is required. Let P} be the price of a newly produced unit of the durable good
at the beginning of period t. Let P! be the second hand market price at the beginning of
period ¢ of a unit of the durable good that is v periods old.!* The beginning of period t cross

sectional depreciation rate for a brand new unit of the durable good, ¢&f, is defined as follows:

1—6y=P}/P,. (C.1)

Once & has been defined by (C.1), the period t cross sectional depreciation rate for a unit

13 Another information source that could be used to identify depreciation rates for the durable good is
the sequence of vintage rental or leasing prices that might exist for some consumer durables. In the closely
related capital measurement literature, the general framework for an internally consistent treatment of capital
services and capital stocks in a set of vintage accounts was set out by Jorgenson (1989) and Hulten 1990,
pp. 127-129 1996, pp. 152-160.

14Tf these second hand vintage prices depend on how intensively the durable good has been used in
previous periods, then it will be necessary to further classify the durable good not only by its vintage v but
also according to the intensity of its use. In this case, think of the sequence of vintage asset prices P! as
corresponding to the prevailing market prices of the various vintages of the good at the beginning of period
t for assets that have been used at “average” inteunsities.
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of the durable good that is one period old at the beginning of period ¢, §%, can be defined

using the following equation:

(1—=6)(1—6y) = Py/Pp. (C.2)

Note that P is the beginning of period ¢ asset price of a unit of the durable good that is 2

periods old and it is compared to the price of a brand new unit of the durable, P

Given that the period ¢ cross sectional depreciation rates for units of the durable that are
0,1,2,...,v—1 periods old at the beginning of period 0 are defined (these are the depreciation
rates 05, 0%, 05, ... 0L ), then the period t cross sectional depreciation rate for units of the

durable that are v periods old at the beginning of period ¢, ¢!, can be defined using the

following equation:

(L= 6) (L =6y ) - (1= 0)(1 =) = Py / B, (C.3)

Thus it is clear how the sequence of period 0 vintage asset prices P! can be converted into a
sequence of period t vintage depreciation rates, 5%. In the depreciation literature, it is usually
assumed that the sequence of vintage depreciation rates, §°, is independent of the period ¢
so that:

6! =0,  for all periods ¢ and all ages v. (C.4)

(2

The above material shows how the sequence of vintage or used durable goods prices at a
point in time can be used in order to estimate depreciation rates. This method for estimating
depreciation rates using data on second hand assets, with a few extra modifications to account
for differing ages of retirement, was pioneered by Beidelman (1973, 1976) and Hulten and
Wykoff (1981a, 1981b, 1996).1

15See also Jorgenson (1996) for a review of the empirical literature on the estimation of depreciation rates.
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Recall the user cost formula for a new unit of the durable good under consideration which
was defined above by the end-of-period user cost expression. The same approach can be
used in order to define a sequence of period 0 user costs for all vintages v of the durable.
Thus suppose that P)¢; is the anticipated end of period 0 price of a unit of the durable good
that is v periods old at the beginning of period 0 and let r° be the consumer’s opportunity
cost of capital for period 0. Then the discounted to the beginning of period 0 user cost of a
unit of the durable good that is v periods old at the beginning of period 0, u?, is defined as
follows:

uw =P — P /(1+1%); v=0,1,2,... (C.5)

It is now necessary to specify how the end of period 0 anticipated vintage asset prices Pl are
related to their counterpart beginning of period 0 vintage asset prices P°. The assumption
that is made now is that the entire sequence of vintage asset prices at the end of period 0
is equal to the corresponding sequence of asset prices at the beginning of period 0 times a
general anticipated period 0 inflation rate factor, (1 +14°), where i is the anticipated period

0 (general) asset inflation rate. Thus it is assumed that!®

Pvlaz(l—FZO)P,[?, U:071727 (CG)

Substituting (C.6) and (C.1)-(C.4) into (C.5) leads to the following beginning of period 0

L6More generally, we assume that assumptions (C.6) hold for subsequent periods ¢ as well; i.e., it is assumed
that PiTe = (1 +4%)P! for v =0,1,2,... and t = 0,1,2,... where P!*1% is the anticipated price of a unit
of the durable good that is v periods old at the end of period ¢, i¢ is a period ¢ expected asset inflation rate
for all ages of the durable and P! is the second hand market price for a unit of the durable good that is v

periods old at the beginning of period t.
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sequence of vintage user costs:'T

Uy = (1= 0,m1)(1 = Guma) - (1= Go)[(1+77) = (1= 6,) (1 + )| g /(1 +7°)

(L= 6y ) (L= 6y s) oo (L= ) = +6y(1+ )0 w—1,2....  (C7)

1470’

If v = 0, then u) = [r® — i+ (1 +14°)]PY/(1+r°) and this agrees with the user cost formula
for a new purchase of the durable u° that was derived earlier (with our changes in notation;

i.e., P’ is now called P).

The sequence of vintage user costs u) defined by (C.7) are expressed in terms of prices that
are discounted to the beginning of period 0. However, as was done in Appendix A above, it
is also possible to express the user costs in terms of prices that are “anti-discounted” to the

end of period 0. Thus define the sequence of vintage end of period 0 user cost p® as follows:

Pl =14+ = (1 —5,_1)(1 = 6y_g)--- (1= &)

x [r* =i +0,(1+i"P); v=1,2,.... (CS8)

with p§ defined as follows:

Py = (1+7%u) = [r® —i% +6,(1 + i PY. (C.9)

Thus if the price statistician has estimates for the vintage depreciation rates 9, and the real
interest rate 7% and is able to collect a sample of prices for new units of the durable good Py,
then the sequence of vintage user costs defined by (C.8) can be calculated. To complete the
model, the price statistician should gather information on the stocks held by the household

sector of each vintage of the durable good and then normal index number theory can be

"When v = 0, define 5_; = 1; i.e., the terms in front of the square brackets on the right hand side of
(C.7) are set equal to 1.
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applied to these p’s and ¢’s, with the p’s being vintage user costs and the ¢’s being the
vintage stocks pertaining to each period. For some worked examples of this methodology
under various assumptions about depreciation rates and the calculation of expected asset

inflation rates, see Diewert and Lawrence (2000) and Diewert (2005a).'®

In the following three sections, the general methodology described above is specialized by

making additional assumptions about the form of the vintage depreciation rates §,.'?

C.1 Straight Line Depreciation

Another very common model of depreciation is the straight line model.?® In this model, a
most probable length of life for the durable is somehow determined, say L periods, so that
after being used for L periods, the durable is scrapped. In the straight line depreciation
model, it is assumed that the period 0 cross sectional vintage asset prices P decline in a

linear fashion relative to the period 0 price of a new asset P

PP} =[L—v]/L forv=0,1,2,...,L—1. (C.10)

Forv=L,L+1,..., it is assumed that P? = 0. Now use definitions (C.5) and (C.8) along

with assumptions (C.6) in order to obtain the following sequence of end of period 0 vintage

18 Additional examples and discussion can be found in two recent OECD Manuals on productivity mea-
surement and the measurement of capital; see Schreyer (2001, 2009).

19Tn the case of one hoss shay depreciation, assumptions are made about the sequence of user costs, u!,
as the age v varies.

20This model of depreciation dates back to the late 1800’s; see Matheson (1910, p. 55), Garcke and Fells
(1893, p. 98) or Canning (1929, pp. 265-266).
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user costs for a unit of the durable good of age v at the beginning of period 0:

Pl =P)(1+7r%) - 1+"P, forv=0,1,2,...,L—1
=L(L—v)1+7") = (L—v—-1)(1+)F
(using assumptions (C.10))

= [ =)L —v)L7 + 1+ )L Ry (C.11)

The user costs for units of the durable good that are older than L periods are zero; i.e.,
p0 = 0 for v > L. Looking at the terms in square brackets on the right hand side of
(C.11), it can be seen that the first term (r® —°)(L — v)PJ/L is a real interest opportunity
cost for holding and using the unit of the durable that is v periods old (and this imputed
real interest cost declines as the durable good ages; i.e., as the age v increases) and the
second term (1 +4%)(1/L)PY is an inflation adjusted depreciation term that is equal to the
constant straight line depreciation rate 1/L times the adjustment factor for asset inflation
over the period, (1 + %), times the price of a new unit of the durable good P?. Note that
in period t, the corresponding end of period user cost for a unit of the durable good that is
v periods old is p!, = [(r' —i*)(L —v)L™' + (1 +4")L7 Y|P for v =0,1,2,...,L — 1. Thus
in both periods 0 and ¢, the sequences of end of period user costs by age, {p°} and {p!} for
v=20,1,2,...,L — 1, are proportional to the price of a new unit of the durable for periods
0 and ¢, P? and P} respectively?! but if r* and/or :° change to a different r’ or i’, then the
factors of proportionality will change as we go from period 0 to ¢ and so we cannot apply
Hicks’ Aggregation Theorem in this case. Thus in the case of changing nominal interest rates
r and/or changing expected or actual asset price inflation rates, i*, we cannot assume that

the overall inflation rate between periods 0 and ¢ for all ages of the durable good is equal to

21 Thus as the price of a new unit of the durable good changes over time, the value of depreciation will also
change in line with the change in the price of the new unit. Thus economic depreciation as we have defined
it is different from historical cost accounting depreciation which does not adjust depreciation allowances for
changes in the levels of asset prices over time.
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P!/ P as was the case with the geometric model of depreciation. Thus for the straight line
model of depreciation, it is necessary to keep track of household purchases of the durable for
L periods and weight up each vintage quantity ¢~ of these purchases by the corresponding
end of period user costs vintage user cost p? defined by (C.11) for period 0 and a similar
calculation of household holdings of the durable good by age for period ¢ along with the
period ¢ counterparts to the period 0 user costs defined by (C.11) will be necessary. Once
these vectors of prices and quantities have been calculated for both periods, then normal
index number theory can be applied to get the overall price index for the household holdings
of the durable good and this index can be used to deflate the user cost aggregate values to get
an appropriate volume index.?? Thus the straight line model of depreciation is considerably
more complicated to implement than the geometric model of depreciation explained in the

previous section.??

C.2 One Hoss Shay or Light Bulb Depreciation

The final model of depreciation that is in common use is the “light bulb” or one hoss shay

model of depreciation.?* In this model, the durable delivers the same services for each vintage:

2Diewert and Lawrence (2000) noted this problem with the straight line model of depreciation; i.e., that
in general, an index number formula should be used to aggregate over the different ages of the asset in order
to obtain an aggregate of the capital services of the different vintages of the asset.

23However, if one is willing to assume that the reference interest rate for period ¢, r’, and the expected asset
inflation rate over all ages of the asset, i!, both remain constant, then all reasonable index number formula
will estimate the overall rate of user cost inflation between periods 0 and ¢ as the new good price ratio,
P!/PY. However, the assumption that r* and i’ remain constant over time is only a rough approximation
to reality. Note that in order to calculate real and nominal consumption of the durable (over all ages of the
durable), it will be necessary to use the vintage user costs defined by (C.11) for a constant r and ¢ to weight
up past purchases of the durable good. Thus define the constants o, = [(r—i)(L—v)L =14 (1+4i)L™!] for v =
0,1,2,...,L—1and o, = 0 for v > L. Then the period t nominal value of durable services is defined as v! =
Poa' +pia" " +pha! Pl 1a" I = a0 Pig i Pg' T tan gt 4 a1 Pig T = PIQ" where
Q! is the real value or volume of durable services defined as Q! = agg +a1¢' =  + gt 2+ - -+ ap_1¢t~ L
Define 8, = (L—v)/Lforv=0,1,2,..., L —1. The period ¢ asset value of consumer holdings of the durable
good is defined as V! = Piq' + Pl¢" ™' + Pig"2 + -+ P! _,¢" 17 = Pt Bog" + B1g" ' + Bagt ™2+ +
Br—1q¢"" L1 = P{Q™ where we have used assumptions (C.10) applied to period ¢ and the real value of durable
stocks held by households at the end of period ¢ is defined as Q** = Bog +S1¢t 1+ Pogt 24+ +Br_1¢gt 7 E T,
The decomposition of V! into P{Q** does not require the assumption of constant r* and 4*.

24This model can be traced back to Bshm-Bawerk (1891); 342. For a more comprehensive exposition, see
Hulten (1990); 124 or Diewert (2005a).
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a chair is a chair, no matter what its age is (until it falls to pieces and is scrapped). Thus
this model also requires an estimate of the most probable life L of the consumer durable.?’
In this model, it is assumed that the sequence of vintage beginning of the period user costs
uY defined by (C.5) and (C.6) is constant for all vintages younger than the asset lifetime L;
i.e., it is assumed that

upy =P — (1+i)P) /(1 +17) =u; v=0,1,2,...,L—1, (C.12)

v

where u" > 0 is a constant. Equations (C.12) can be rewritten in the following form:

u = P)— P ; v=0,1,2,...,L—1, (C.13)

v

where the discount factor ~ is defined as

vy=(1+4)/(1+7") =1/(1+7r"™). (C.14)

The interest rate r% can be regarded as an asset specific real interest rate; i.e., 1 +r% =
(1 +7°)/(1 +4°) so that one plus the nominal interest rate r° is deflated by one plus the

expected asset price inflation rate, i°. Note that equations (C.13) can be rewritten as follows:

P =u’ +~P).; v=0,1,2,..., L — 1. (C.15)

v

Use equation (C.15) with v = 0 to express P) in terms of u" and P). Now use (C.15) with

v = 1 to express P in terms of u® and Py and then substitute out P} using the previous

25The assumption of a single life L for a durable can be relaxed using a methodology due to Hulten: “We
have thus far taken the date of retirement T" to be the same for all assets in a given cohort (all assets put in
place in a given year). However, there is no reason for this to be true, and the theory is readily extended to
allow for different retirement dates. A given cohort can be broken into components, or subcohorts, according
to date of retirement and a separate T assigned to each. Each subcohort can then be characterized by its
own efficiency sequence, which depends among other things on the subcohort’s useful life 7;.” Charles R.
Hulten 1990, p. 125.
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expression that expressed Py in terms of P and «°. Continue this substitution process until
finally it ends after L such substitutions when P} is reached and of course, P? equals zero.

The following equation is obtained:

P =’ 4+ yu’ + 2 + -+ O
=u[L+y+77 4 ]
= {u/(1 =)} = {4 /(1 —7)} provided that v < 1?°

— W01 = 75)/(1 = 7). (C.16)

Now use the last equation in (C.16) in order to solve for the constant over vintages (beginning
of the period) user cost for this model, u°, in terms of the period 0 price for a new unit of

the durable, PY, and the discount factor v defined by (C.15):

wW=(1-9P/1-9") =4 ©v=0,12,....,L—1 (C.17)

v

The sequence of end of period 0 user cost, p, is as usual, equal to the corresponding beginning

of the period 0 user cost, u?, times the period 0 nominal interest rate factor, 1 + r°:

=0+ =1+ =1 - (R =p);  v=0,1,2,...,L—1, (C.18)

and p) =0 for v=L,L+1,... and 7° = (1 414°)/(1 + ).

The aggregate services of all vintages of the good for period 0, including those purchased in

26Tf oy > 1, then use the second equation in (C.16) to express u° in terms of P{ and the various powers of
Y-
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period 0, will have the following value, v°:

0 =pod® + g+ pyg A g Y

=l + ¢ g g Y]

= p)Q°, (C.19)

where the period 0 aggregate (quality adjusted) quantity of durable services consumed in

period 0, Q°, is defined as follows for this depreciation model:

Q=¢+q" " +q 7+ g (C.20)

Thus in this model of depreciation, the service quantity aggregate is the simple sum of house-
hold purchases over the last L periods.?” As was the case with the geometric depreciation
model, the one hoss shay model does not require index number aggregation over vintages
when calculating aggregate services from all vintages of the durable: there is a constant
service price p) for all assets that are less than L periods old and the associated period 0
quantity Q° is the simple sum defined by (C.20) over the purchases of the last L periods for

the one hoss shay model.?8

The first two models of depreciation considered in this appendix (geometric and straight-
line depreciation) made assumptions about the pattern of depreciation rates for durables of
different ages. The model in this section made assumptions about the pattern of user costs

for durable goods of different ages. For a more general model of depreciation that allows for

?In the national income accounting literature, this measure is sometimes called the gross capital stock.

28Using equations (C.15), it can be shown that P? = u°[1 + (%) + (/%)% + -+ + (40)L717] for v =
0,1,2,...,L —1 where v° = (1 +:°)/(1 +°) and P? = 0 for v > L. Thus the period 0 value of the stock
of consumer durables is 25;01 PY%q~". The corresponding asset prices for period t are equal to P! = u![1 +
(V) +(")2+ -+ () orv=10,1,2,..., L—1 where u = [1-(+")|Fj/[1- ()], o* = (1+i") /(1+17)
and P! = 0 for v > L. The period ¢ value of the stock of consumer durables is >"°") P!¢*~". An index
number formula will have to be used to form aggregate price and quantity indexes for the stocks of consumer
durables using the one hoss shay model of depreciation.
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an arbitrary pattern of user costs by age of asset, see Diewert and Wei (2017).

How can the different models of depreciation be distinguished empirically? For durable goods
that do not change in quality over time, there are three possible methods for determining the

sequence of vintage depreciation rates:2”

e By making a rough estimate of the average length of life L for the durable good and

then by assuming a depreciation model that seems most appropriate.3°

e By using cross sectional information on used durable prices at a single point in time
and then using equations (C.1)-(C.3) above to determine the corresponding sequence

of vintage depreciation rates.?!

e By using cross sectional information on the rental or leasing prices of the durable as
a function of the age of the durable and then equations (C.8) and (C.9), along with
information on the appropriate nominal interest rate 7° and expected durables inflation
rate i° along with information on the price of a new unit of the durable good P° can

be used to determine the corresponding sequence of vintage depreciation rates.

C.3 Estimating Depreciation Rates from Hedonic Regressions

The three depreciation models described in this appendix (Sections C.1-C.3) —geometric,
straight-line, and one hoss shay—each require the depreciation rate § (or the asset lifetime
L) as a parameter input. For non-housing consumer durables, this parameter is often cal-
ibrated from engineering data or national accounts benchmarks. For housing, however, a

more rigorous approach is available: the depreciation rate can be estimated directly from

9These three classes of methods were noted in Malpezzi, Ozanne and Thibodeau (1987, pp. 373-375) in
the housing context.

30A length of life L is can be converted into an equivalent geometric depreciation rate § by setting 6 equal
to a number between 1/L and 2/L.

31This method will be pursued in sections 12 and 13 for housing depreciation rates.
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transaction data using hedonic regression methods. This section introduces the two princi-
pal hedonic approaches to depreciation estimation and explains how they connect to the full

hedonic framework developed in Appendix D.

The Identification Problem

The central challenge in estimating housing depreciation is that the structure component of
a dwelling’s value—which depreciates—cannot be directly observed in a transaction price.
What is observed is the total selling price V;,, which reflects the combined value of the

structure and the land:

Vin = PriLy + Po(1—0) Sy, + e (C.21)
~—— ~~ -
land value structure value

where Pp; is the period-t land price per square metre, L;, is the land area, Pg; is the
period-t construction cost per square metre, 9 is the geometric depreciation rate, A, is the
building age, and Sy, is the floor space area. This is the builder’s model of Appendix D
(equations (D.2)—(D.3)).

Two approaches have been developed to extract ¢ from this model.

Method 1: The Cross-Sectional Age—Price Profile (Builder’s Model)

The first approach embeds 0 as a parameter to be estimated directly within the builder’s
hedonic regression (C.21). Because the land price Pr; and the construction cost Pg; vary
over time, the nonlinear regression is typically estimated jointly over all time periods, with
the structure price index pg; (the MLIT construction cost index) supplied exogenously to

resolve the collinearity between L, and S;,. The estimating equation becomes
Vin = o (Z;]:l WjDW,tn,j>fL(Ltn) + pse(1 = 6)M" gs(Sim) + em (C.22)
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where oy are land price time-dummy coefficients, w; are ward-level relative land price param-
eters, fr(+) is a spline function adjusting for lot size, and gg(-) is a spline function adjusting
for floor space; see Appendix D, equations (D.9)—(D.13). The depreciation rate 0 is estimated

jointly with the other parameters by nonlinear least squares.

Properties of the estimate. The estimate of § obtained from (C.22) is a net depreciation
rate: it reflects gross physical deterioration of the structure less any quality improvements
due to renovation and maintenance, since neither is separately observable in transaction
data.?? The method can accommodate a non-constant (piecewise-linear) depreciation sched-
ule by replacing (1 — §)“ with a spline function of building age, as in Diewert and Shimizu
(2015) (equations (12)—(13) of that paper). Their preferred specification yields the following

estimates for Tokyo single-family houses:

o) = 2.47% (age 0-10 yr),
by = 1.59% (age 10-20 yr),

o3 = 0.32% (age 20-50 yr) (C.23)

These estimates reveal that new structures depreciate rapidly but that surviving older struc-
tures exhibit near-zero net depreciation, consistent with extensive renovation of long-lived
buildings. For Tokyo condominiums, Diewert and Shimizu (2016) apply the geometric spec-
ification and obtain & ~ 3.6% per year—higher than for single-family houses, reflecting the

faster physical deterioration of reinforced concrete high-rise structures.

32This point is noted explicitly in Diewert and Shimizu (2015, p. 1663, footnote 10). The net depreciation
rate is the appropriate concept for the owner-occupier user cost, since renovation expenditure is separately
covered in the CPI basket.
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Method 2: The Log-Linear Age Coefficient (Time-Dummy Hedonic)

The second approach uses the simpler log-linear time-dummy hedonic regression, in which
the logarithm of the price per square metre is regressed on building age as a continuous
variable:

ln(‘/;n/Sm) = Qo+ ﬁage Atn + Z Tt 1(peri0d = t) + ,B/th + En (024)
t

where Ay, is building age in months and xy, collects other quality characteristics (transit
access, location dummies, building structure). This is the specification used in Appendix F

(equations (A.1) and (A.2)).

The relationship between the estimated coefficient Bage (per month) and the annual depre-
ciation rate is:

~

5annua1 - _Bage x 12 (025)

(taking the sign convention that Bage < 0). Applied to the rolling-window hedonic in Ap-
pendix F (Table F.9), this yields § &~ 0.186 x 12 = 2.23% per year (pooled) and 2.18% on

average across rolling windows (Table F.10).

Comparison of the two methods. The log-linear age coefficient method (Method 2) is
computationally simpler and can be estimated by OLS, but it imposes a constant geometric
depreciation rate over all building ages, which may be too restrictive. The builder’s model
method (Method 1) is nonlinear but allows for a flexible, age-varying depreciation schedule
and provides a structural decomposition of value into land and structure components. Both
methods yield net depreciation rates that are consistent with the calibration 6 = 0.020 (2.0%

per year) adopted in this paper; see the detailed comparison in Appendix F, Section F.8.
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Connection to Appendix D

The full development of both hedonic methods—including the identification strategy for the
builder’s model, the treatment of land—structure collinearity, the spline specifications for lot
size and floor space, and the rolling-window implementation for the log-linear approach—is

presented in Appendix D. In particular:

e The builder’s model (Method 1) is derived as equations (D.1)-(D.15) in Appendix D,
progressing from the basic model to the full nonlinear specification with location con-

trols and flexible functional forms.

e The log-linear model (Method 2) corresponds to the time-dummy hedonic in Ap-
pendix D, Section D, and is applied to the full Tokyo panel in Appendix F, Sec-
tions F.2-F.3.

The reader is referred to Appendix D for the technical details of the estimation procedure, the
identification of the land and structure components of property value, and the construction

of constant-quality price indexes from the estimated hedonic surface.

Empirical estimates for Tokyo. Table C.7 summarises the geometric depreciation rate esti-
mates obtained by applying both methods to the Tokyo condominium transaction data (Ap-
pendix F, Sections F.2-F.3). The pooled hedonic estimate yields 5 = 0.0204 per annum (SE
= 0.0003), and the rolling-window mean is 0.0203 (SD across 467 windows = 0.0006). Both
estimates are mutually consistent and align closely with the MLIT benchmark of § = 0.020.
This convergence across estimation methods validates the calibration ¢ = 0.020 adopted

throughout the user cost calculations in Appendix E and the main text.
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Table C.7: Summary of Structure Depreciation Rate Estimates for Tokyo, 1986-2025

Method ) SE 95% CI N

Age coefficient (pooled hedonic) 0.0204 0.0003 [0.0198, 0.0210] 357,627
Age coefficient (rolling, mean) 0.0203 0.0006 [0.0191, 0.0215] 467 windows
Benchmark (MLIT/literature) 0.020 — — —

Calibration used in this paper d = 0.020 (rounded to 3 s.f.)

§ is the annualised geometric depreciation rate estimated from the building-age coefficient in the hedonic
regression: 6 = —f4 x 12. Pooled hedonic: Appendix F, Table F.9; rolling windows: Table F.10. Both
estimates lie within 0.001 of the MLIT benchmark, supporting § = 0.020 as the calibration throughout this

paper.

D Hedonic Regression Models for Housing: Land—Structure

Decomposition and Demand-Side Models

In this section, the problems associated with the construction of constant quality residential
property price indexes will be studied. In this section, we will look at the construction of
constant quality indexes for the stock of residential housing units; in subsequent sections, we

will look at the problems associated with pricing the services of a residential dwelling unit.

There are two difficult measurement problems associated with the construction of a constant

quality house price index:

e A dwelling unit is a unique consumer durable good; i.e., the location of a housing unit
is a price determining characteristic of the unit and each house or apartment has a

unique location.

e There are two main components of a dwelling unit: (i) the size of the structure (mea-
sured in square meters of floor space) and (ii) the size of the land plot that the structure
sits on (also measured in square meters). However, the purchase price of a dwelling
unit is for the entire property and thus the decomposition of property price into its

two main components will involve imputations.
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The first problem area listed above might not be a problem if the same dwelling unit sold
at market prices at a frequent rate so that the location would be held constant and it would
seem that the usual matched model methodology that is used in constructing price indexes
could be applied. But houses do not transact all that frequently; typically, a house is held
for 10-20 years by the same owner before it is resold. Moreover, the structure is not constant
over time; depreciation of the structure occurs over time and owners renovate and replace
aging components of the structure. For example, the roofing materials for many dwellings
are replaced every 20 or 30 years. Thus depreciation and renovation constantly change the

quality of the structure.

The second problem area is associated with the difficulty of decomposing the transaction price
for a housing unit into separate components representing the structure value and the land
value; i.e., the single property price is for both components of the housing unit but for many
purposes, we require separate valuations for the two components. The international System
of National Accounts, requires separate valuations for the land and structure components of
residential housing in the National Balance Sheets of the country. Many countries construct
estimates for the Total Factor Productivity or Multifactor Productivity of the various sectors
in the economy and the methodology used to construct these estimates requires separate price
and quantity information on both structures and the land that the structures sit on. In this
section, we will indicate a possible method that can be used to accomplish this decomposition

of property value into constant quality land and structure components.

The builder’s model for valuing a detached dwelling unit postulates that the value of the
property is the sum of two components: the value of the land which the structure sits on

plus the value of the structure. This model can be justified in two situations:

e A household purchases a residential land plot with no structure on it (or if there are

structures on the land plot, they are immediately demolished).??

33The cost of the demolition should be added to the purchase price for the land to get the overall land
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e A household purchases a land plot and immediately builds a new dwelling unit on the

property.

In the first case, it is clear that the property value is equal to the land value. In the second
case, The total cost of the property after the structure is completed will be equal to the
floor space area of the structure, say S square meters, times the building cost per square
meter 3; during period ¢, plus the cost of the land, which will be equal to the cost per square
meter «; times the area of the land site, say L square meters. Now think of a sample of
properties of the same general type in the same general location, which have prices or values
Vin in period t (where ¢t = 1,...,T) and structure floor space areas Sy, and land areas Ly,
for n = 1,...,N(t) where N(t) is the number of observations in period t. Assume that
these prices are equal to the sum of the land and structure costs plus error terms &4, which
we assume are independently normally distributed with zero means and constant variances.
This leads to the following hedonic regression model for period t where the a; and S; are the

parameters to be estimated in the regression:3*

V;fn:atLtn—i_BtStn—i_gtn; t:]_,,T,n:]_,,N(t) (D].)

The hedonic regression model defined by (D.1) applies to new structures and to purchases
of vacant residential lots in the neighbourhood under consideration where S, = 0. Note
that there are some strong simplifying assumptions built into the model defined by (D.1):
(i) the period ¢ land price oy (per m?) is assumed to be constant across all properties in the
neighbourhood under consideration and (ii) the construction cost (per m?) is also assumed to

be constant across all housing units built in the neighbourhood during period ¢. The above

price for the land plot.

34Other papers that have suggested hedonic regression models that lead to additive decompositions of
property values into land and structure components include Clapp (1980, pp. 257-258), Bostic, Longhofer
and Redfearn (2007, p. 184), Francke and Vos (2004), Diewert (2008, pp. 19-22; 2010), Francke (2008,
p. 167), Koev and Santos Silva (2008), Rambaldi, McAllister, Collins and Fletcher (2010), Diewert, de
Haan and Hendriks (2011, 2015), Eurostat (2013), Diewert and Shimizu (2015, 2016, 2017a), Burnett-Isaacs,
Huang and Diewert (2016), and Diewert, Huang and Burnett-Isaacs (2017).
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model applies to raw land purchases and the purchases of new dwelling units during period
t in the neighbourhood under consideration. It is likely that a model that is similar to (D.1)
applies to sales of older structures as well. Older structures will be worth less than newer
structures due to the depreciation of the structure. Assuming that we have information on
the age of the structure n at time ¢, say A(¢,n), and assuming a geometric (or declining
balance) depreciation model, a more realistic hedonic regression model than that defined by

(D.1) above is the following basic builder’s model:

‘/tn :OétLt7L+6t(1 _5)A(t,n)5tn+€tn; t= 1,,T,n: 1,,N(t), (D2)

where the parameter § reflects the net geometric depreciation rate as the structure ages one
additional period. Thus if the age of the structure is measured in years, we would expect
an annual net depreciation rate to be around 1 to 3 per cent per year.*® Note that (D.2) is
now a nonlinear regression model whereas (D.1) was a simple linear regression model. The
period t constant quality price of land will be the estimated coefficient for the parameter oy
and the price of a unit of a newly built structure for period ¢ will be the estimate for f;.
The period t quantity of land for property n is L, and the period ¢t quantity of structure for
property n, expressed in equivalent units of a new structure, is (1 — 6)4®™S,, where S, is

the floor space area of the structure for property n in period t.

Note that the above model can be viewed as a supply side model as opposed to a demand side
model*® Basically, we are assuming a valuation of a housing structures that is equal to the
cost per unit floor space area of a new unit times the floor space area times an adjustment for
structure depreciation. The corresponding land value of the property is determined residually

as total property value minus the imputed value of structures quality adjusted for the age

35This estimate of depreciation is regarded as a net depreciation rate because it is equal to a “true” gross
structure depreciation rate less an average renovations appreciation rate. Since typically information on
renovations and major repairs to a structure is not available, the age variable will only pick up average gross
depreciation less average real renovation expenditures.

36We will pursue a demand side model in Online Appendix D below.
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of the structure. This assumption is justified for the case of newly built houses and sales of
vacant lots but it is less well justified for sales of properties with older structures where a

demand side model may be more relevant.

There is a major practical problem with the hedonic regression model defined by (D.2): The
multicollinearity problem. Experience has shown that it is usually not possible to estimate
sensible land and structure prices in a hedonic regression like that defined by (D.2) due
to the multicollinearity between lot size and structure size.3” Thus in order to deal with
the multicollinearity problem, the parameter §; in (D.2) is replaced by ps;, an ezogenous
period t construction cost price for houses in the area under consideration.®® The exogenous
construction price index may be an official construction price index estimated by the national
statistical agency or a relevant commercially available residential construction price index.

Thus the new model that replaces (D.2) is the following nonlinear hedonic regression model:

Vin = Ly +pse(1 = AW S, + e t=1,...,T;n=1,...,N(t). (D.3)

This model has T land price parameters (the ;) and one (net) geometric depreciation rate
0. Note that the replacement of the 8; by the exogenous construction price level, ps;, means

that we have saved T degrees of freedom as well as eliminated the multicollinearity problem.

In order to allow for a finer structure of local land prices, the sales data may be further
classified into a finer classification of locations. For example, the initial regression (D.3) may
be applied to say city wide sales of residential properties. Suppose that the postal code of
each sale is also available and there are J postal codes. Then one can introduce the following

postal code dummy variables, Dpc ty, j, into the hedonic regression (D.3). These J dummy

37See Schwann (1998) and Diewert, de Haan and Hendriks (2011, 2015) on the multicollinearity problem.

38This formulation follows that of Diewert (2010), Diewert, de Haan and Hendriks (2011, 2015), Eurostat
(2013), Diewert and Shimizu (2015, 2016, 2017a), Burnett-Isaacs, Huang and Diewert (2016) and Diewert,
Huang and Burnett-Isaacs (2017). These authors assume that property value is the sum of land and structure
components but movements in the price of structures are proportional to an exogenous structure price index.
Note that the index pg: should be a levels price that gives the period ¢ cost of building one square meter of
structure.
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variables are defined as follows: fort =1,... . T;n=1,...,N(t);j=1,...,J:

Dpcin,; = 1 if observation n in period ¢ is in Postal Code j;

= 0 if observation n in period t is not in Postal Code j. (D.4)

We now modify the model defined by (D.3) to allow the level of land prices to differ across

the J postal codes. The new nonlinear regression model is the following one:
V;fn = Oy (ijleDPC,tn,j> Ltn +p5t<]— - 6>A(t7n)stn + Etn- (D5)

Heret=1,...,Tand n=1,..., N(t).

Comparing the models defined by equations (D.3) and (D.5), it can be seen that we have
added an additional J neighbourhood relative land value parameters, wy, . ..,ws, to the model
defined by (D.3). However, looking at (D.5), it can be seen that the 7" land time parameters
(the ay) and the J location parameters (the w;) cannot all be identified. Thus it is neces-
sary to impose at least one identifying normalization on these parameters. The following
39

normalization is a convenient one:

wy = 1. (D.6)

Thus Model 2 is defined by equations (D.5) and (D.6) has J — 1 additional parameters
compared to Model 1 defined by (D.3). Note that if we initially set all of the w; equal to
unity, Model 2 collapses down to Model 1. Tt is useful to make use of this fact in running a
sequence of nonlinear hedonic regressions. The models that are proposed in this section are
nested so that the final parameter estimates from a previous model can be used as starting

parameter values in the next model’s nonlinear regression.’

39Equivalently, one could make the normalization a; = 1 and not normalize the wj. The resulting estimated
ay for t = 2,3,...,T can then be interpreted as a constant quality land price index for the entire region
relative to period 1 where a; = 1. In this section, we are drawing heavily on Diewert, Huang and Burnett-
Isaacs (2017) and using the normalization used in that paper.

40Tn order to obtain sensible parameter estimates in our final (quite complex) nonlinear regression model,
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In the next model, some nonlinearities in the pricing of the land area for each property are
introduced. The land plot areas in a typical sample of properties can vary 5 or 10 fold.*! Up
to this point, we have assumed that land plots in the same neighbourhood sell at a constant
price per square meter of lot area. However, it is likely that there is some nonlinearity in
this pricing schedule; for example, it is likely that large lots sell at a per m? price that is well
below the per m? price of medium sized lots. In order to capture this nonlinearity, divide
up the total number of observations into K groups of observations based on their lot size.
The Group 1 properties have lot size less than L; m?, the Group 2 properties L;, have lot
sizes which satisfy the inequalities Ly < Ly, < Lg; the Group 3 properties Ly, have lot sizes
which satisfy the inequalities Lo < Ly, < L3; ...; the Group K properties L;, have lot sizes
which satisfy the inequalities Ly 1 < Ly,. The break points Ly < Ly < --+ < Lg_1 should
be chosen so that the sample probability that any property in the sample will fall into any
one of the groups is approximately equal. For each observation n in period ¢, the K land

dummy variables, Dy, ik, for K =1,..., K are defined as follows:

Dy i = 1 if observation tn has land area that belongs to group k;

= 0 if observation tn has land area that does not belong to group k. (D.7)

These dummy variables are used in the definition of the following piecewise linear function

it is absolutely necessary to follow our procedure of sequentially estimating gradually more complex models,
using the final coefficients from the previous model as starting values for the next model. The models that
are being described in this section were implemented in Diewert, Huang and Burnett-Isaacs (2017) where
the econometric software Shazam was used to perform the nonlinear regressions; see White (2004)[1].
41This brings up an important point that has not been mentioned up to now. Panel data on the selling
prices of properties and on the characteristics of the properties are subject to tremendous variations in the
ratio of the say highest price property to the lowest price property, to the largest lot size to the smallest lot
size, to the largest floor space area to the smallest floor space area and so on. The observations that appear
in the tales of the distribution of prices and in the distributions of property characteristics are inevitably
sparse and subject to measurement error. Thus in order to obtain sensible estimates in running these hedonic
regressions, it is typically necessary to delete the observations that are in the tales of these distributions.
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of Ly, fr(Lsy), defined as follows:

fo(Lin) = DrnaMLin + Dr oMLt 4+ Aa(Len, — Ly)]
+ D ans[AM L + Ao(La — Ly) + A3(Len, — Lo)]

+ -+ DL7tn7K[)\1L1 —+ )\Q(LQ — L1) + -+ )\K(Ltn - LK—l)]a (D8>

where the A\, are unknown parameters. The function f1(Ly,) defines a relative valuation
function for the land area of a house as a function of the plot area, L;,. The new nonlinear

regression model is the following one:
V;En = Oy (Z;']lejDPC,tn,j> fL(Ltn) +pSt(1 - 5>A(t7n)5tn + Etn- (Dg)

Comparing the models defined by equations (D.5) and (D.9), it can be seen that we have
added an additional K land plot size parameters, Ay, ..., Ak, to the model defined by (D.5).
However, looking at (D.9), it can be seen that the 7" land time parameters (the o), the J
postal code parameters (the w;) and the K land plot size parameters (the \;) cannot all be
identified. Thus the following identification normalizations on the parameters for Model 3

defined by (D.9) and (D.10) are imposed:

Note that if all of the A\ are set equal to unity, Model 3 collapses down to Model 2. Typically,
the log likelihood for Model 3 will be considerably higher than for Model 2.42 Land prices
as functions of lot size do not always decline monotonically but for very large land plots, the

marginal price of an extra square foot of land is typically quite low.

42For the example in Diewert, Huang and Burnett-Isaacs (2017) where the models described in this section
were estimated, the log likelihood increased by 1762 log likelihood points and the R2? jumped from 0.7662
for Model 2 to 0.8283 for Model 3 for the addition of 6 new A, parameters.
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The next model is similar to Model 3 except that now the marginal price of adding an extra
amount of structure is allowed to vary as the size of the structure increases. It is likely
that the quality of the structure increases as the size of the structure increases. In order to
capture this nonlinearity, divide up the sample observations into M groups of observations
based on their structure size. The Group 1 properties have structures with floor space
area Sy, less than S; m?, the Group 2 properties have structure areas Sy, satisfying the
inequalities S; < Sy, < 93, ..., the Group M — 1 properties have structure areas Sy,
satisfying the inequalities Sy;_o < Sy, < Syr—1, and the Group M properties have structure
areas Sy, satisfying the inequalities Sy, < S;, where the M — 1 break points satisfy the
inequalities S; < S5 < -+ < Sy;_1. Again, the break points should be chosen so that the
sample probability that any property in the sample will fall into any one of the groups is
approximately equal. For each observation n in period t, we define the M structure dummy

variables, Dgpm, for m =1,..., M as follows:

Dgtnm = 1 if obs. tn has structure area in group m;

= 0 otherwise. (D.11)

These dummy variables are used in the definition of the following piecewise linear function

of Sin, gs(Sin), defined as follows:

gS(Stn) = D&tmlﬂlstn + DS’,tn,Q[Mlsl + /142(Stn - Sl)}
+ Dg tn 311151 + p2(S2 — S1) + 13(Stn — S2)]
+ Dstnalp1S1 + p2(S2 — S1) + p3(Ss — S2) + pa (S — S3)] + - - -

+ Dgtn,a[p1S1 + p2(Se — S1) + ps(Ss — S2) + -+ + par (S — Snr—1)]- (D.12)

where the p,, are unknown parameters. The function gs(Sy,) defines a relative valuation

function for the structure area of a house as a function of the structure area.
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The new nonlinear regression model is the following Model 4:

Vin = (Z;‘IzleDPC,tn,]) fL(Ltn) + pSt(l - 5)A(t’n)gs(stn) + Etns

t=1,....,Tsn=1,...,N(1). (D.13)

Comparing the models defined by equations (D.9) and (D.13), it can be seen that an addi-
tional M structure floor space parameters, jiy, ..., jiar, have been added to the model defined
by (D.9).# Again, we add the normalizations (D.10) in order to identify all of the parame-
ters in the model. Note that if all of the u,, are set equal to unity, Model 4 collapses down
to Model 3. Typically, the log likelihood for Model 4 will be considerably higher than for
Model 3.4

At this stage, it is often the case that an acceptable model has been estimated. How can
the estimated parameters from the final model be used in order to form price and quantity

indexes?

The sequence of price levels for the land component of residential property sales is defined to
be aq, s, ..., ar and the corresponding sequence of price levels for the structure component
of residential property sales in the T periods is defined to be the exogenous sequence of
indexes, psi,psa2, ..., psr. The land and structure values of properties transacted in period
t, Vi and Vg, are defined by using the estimated land and structure additive components

of transacted properties in period t, ozt(ijleDpatw)fL(Lm) and pg,(1 — §)AE g4(S,,)

43 At this stage of the sequential estimation procedure, it is usually not necessary to impose a normalization
on the parameters p1-p7. This lack of a normalization means that the scale of the exogenous structure price
levels pg; is allowed to change; i.e., essentially, allowance is now made to quality adjust the exogenous index
to a certain extent. However, if the resulting estimated structure values turn out to be unreasonably large
or small, then it will be necessary to set one of the u,, to equal 1.

44For the example in Diewert, Huang and Burnett-Isaacs (2017), the log likelihood increased by 935 log
likelihood points and the R? jumped from 0.8283 for Model 3 to 0.8520 for Model 4 for the addition of 5
new [tjs parameters.
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respectively, and summing over properties that were sold in period ¢:

Vi = ZnEN(t)at (Z;‘]:leDPC,tn,j> fL(Ltn)7 t=1,....T; (D14)
VSt = ZneN(t)pSt(l - 5>A(t,n)gs<5tn); t= 1, oo ,T. (D15)
Using the prices aq, as, . . ., ar and the corresponding estimated land values, V71, ..., Vi and
the prices ps1,ps2, - --,pst and the corresponding estimated structure values, Vs, ..., Vsrp,

one can just apply normal index number theory using these data to construct Laspeyres,
Paasche, Fisher or whatever index formula is being used by the statistical agency in order
to construct constant quality price and quantity overall property indexes for the sales of

residential properties in the area under consideration for the 71" periods.

However, constant quality land and structure price indexes for sales of owner-occupied Resi-
dential houses is not what is needed for most purposes; what is required are constant quality
price and quantity indexes for the stock of residential houses. In order to accomplish this
task, it is necessary to have a census of the housing stock in the country which would include
information on the characteristics that are used in the hedonic regression model that is de-
fined by (D.13). The information that is required in order to estimate (D.13) is information

on the following variables:

e The selling price of the residential properties (P,,);

e The age of the structure on the property (A,);

e The area of the land plot (L, );

e The floor space area of the structure (S;,);

e The neighbourhood of the property (or the postal code) and

e An exogenous structure price index which provides the construction cost of a new

structure per meter squared or per square foot (pg:).
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If a national housing Census has information on the above property characteristics (excluding
the information on selling prices P, and on the exogenous structure price index pgt)45 then
it will be possible to insert the characteristics of each residential dwelling unit into the right
hand side of (D.13) and then using appropriate modifications of definitions (D.14) and (D.15),
it will be possible to obtain estimates for the land and structure value for each dwelling unit
in the area covered by the regression. If there is no national housing census information or
the required characteristics are not included in the census, then it will be very difficult to

form estimates for the value of residential land.

Additional information on house and property characteristics will lead to more accurate land
and structure decompositions of property value. Examples of useful additional structure price
determining characteristics are: (i) the number of bathrooms; (ii) the number of bedrooms;
(iii) the type of construction material; (iv) the number of stories; etc. Examples of useful
additional land price determining characteristics are: (i) the distance to the nearest subway
station; (ii) the distance to the city core; (iii) the quality of neighbourhood schools; (iv) the
existence of various neighbourhood amenities; etc. For examples of how these characteristics
can be integrated into the builder’s model, see Diewert, de Haan and Hendriks (2011) 2015,
Eurostat (2013, 2017), Diewert and Shimizu (2015) and Diewert, Huang and Burnett-Isaacs

(2017).46

The estimates for the geometric depreciation rate generated by the application of the builder’s
model are useful for national income accountants because they facilitate the accurate esti-
mation of structure depreciation, which is required for the national accounts. However, the
depreciation estimates that are generated by the builder’s model are wear and tear depreci-

ation estimates that apply to structures that continue in existence over the sample period.

4> Every country will have a national residential construction deflator because this deflator is required in
order to form estimates of real investment in residential structures. However, this national deflator may not
be entirely appropriate for the type of buildings in a particular neighbourhood.

461t is also possible to estimate more general models of depreciation using the builder’s model; see Diewert
and Shimizu (2017a) and Diewert, Huang and Burnett-Isaacs (2017).
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The estimated depreciation rate measures (net) depreciation!” of a structure that has sur-
vived from its birth to the period of its sale. However, there is another form of structure
depreciation that the estimated depreciation rate misses; namely the loss of residual struc-
ture value that results from the early demolition of the structure. This problem was noticed
and addressed by Hulten and Wykoff (1981a, pp. 377-379) 1981b, 1996. Wear and tear
depreciation is often called deterioration depreciation and demolition or early retirement

18 Methods for estimating this

depreciation is sometimes called obsolescence depreciation.
form of depreciation have been proposed by Hulten and Wykoff as mentioned above and
by Diewert and Shimizu (2017a, pp. 512-516). Both methods require information on the
distribution of the ages of retirement for the asset class. The Hulten and Wykoff method
absorbs demolition depreciation into the wear and tear depreciation rate whereas the Diewert
and Shimizu method uses the wear and tear depreciation rate that is generated by sales of
surviving buildings but adds a separate depreciation rate that is due to early demolition of

the structures in the asset class. Both methods require information on the age of structures

when they are demolished.*’

The above paragraph simply warns the reader that wear and tear depreciation® for surviving

buildings is not the entire depreciation story: there is also a loss of asset value that results

47Tt is a net estimate since renovation and replacement investments in the building tend to extend the life
of the building or augment its value. Thus the gross wear and tear depreciation rate for the structure will
tend to be larger than the estimated net depreciation rate.

48(Croshy, Devaney and Law (2012); 230 distinguish the two types of depreciation and in addition, they
provide a comprehensive survey of the depreciation literature as it applies to commercial properties.

49The Hulten and Wykoff method estimates the age of retirement in a somewhat arbitrary fashion whereas
the Diewert and Shimizu method relies on mortality distributions on the age of buildings at the time they are
demolished. Over long periods of time and using country wide data, the two methods should be equivalent.
However, the Diewert and Shimizu method should give more accurate results at the firm and regional levels
since their method is consistent with the hedonic estimation of structure depreciation rates as explained in
this section.

50What has been labeled as wear and tear depreciation could be better described as anticipated amor-
tization of the structure rather than wear and tear depreciation. Once a structure is built, it becomes a
fixed asset which cannot be transferred to alternative uses (like a truck or machine). Thus amortization
of the cost of the structure should be proportional to the cash flows or to the service flows of utility that
the building generates over its expected lifetime. However, technical progress, obsolescence or unanticipated
market developments can cause the building to be demolished before it is fully amortized. See Diewert and
Fox (2016) for a more complete discussion of the fixity problem.
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from the early retirement of a building that needs to be taken into account when constructing

national income accounting estimates of depreciation.

There is one additional complication that needs to be taken into account when running a
hedonic regression on the sales of houses; i.e., what happens when the sales information for
an additional period becomes available? The simplest way of dealing with this problem dates
back to Court (1939). His method works as follows: set 7" = 2 and run a hedonic regression
that has a time dummy variable in it. In the context of the hedonic regression model defined
by (D.13), estimates for the price of land for periods 1 and 2 would be obtained, say o and
aj. The price index for land for periods 1 and 2 is defined as P} = 1 and P? = aj/aj.
Now run a new hedonic regression using (D.13) for ¢ = 2,3 and obtain new estimates for
the price of land in periods 2 and 3, say a3 and a3. The price index for land in period 3
is defined as P} = P?(a2/a3); i.e., we update the price index value for period 2, P?, by
the rate of change in land prices going from period 2 to 3, (a3/a3). Thus the previously
estimated index is updated each period as new information becomes available. This adjacent
period time dummy model has the advantage that it does not revise the previously estimated

indexes as the new information becomes available.5!

The above method does not always work well in the context of estimating property price
indexes due to the sparseness of sales in a neighbourhood and the multiplicity of parame-
ters that are required to adequately control for differences in housing characteristics. Thus
Shimizu, Nishimura and Watanabe 2010a, p. 797 suggested extending the number of pe-
riods from 2 to a longer window of T consecutive periods, leading to the rolling window

time dummy hedonic regression model. Thus for the model defined by (D.13), the land price

51The two period time dummy variable hedonic regression (and its extension to many periods) was first
considered explicitly by Court (1939); 109-111 as his hedonic suggestion number two. Court used adjacent
period time dummy hedonic regressions as links in a longer chain of comparisons extending from 1920 to
1939 for US automobiles: “The net regressions on time shown above are in effect price link relatives for cars
of constant specifications. By joining these together, a continuous index is secured.” If the two periods being
compared are consecutive years, Griliches (1971, p. 7) coined the term “adjacent year regression” to describe
this method for updating the index as new information becomes available. Diewert (2005b) looked at the
axiomatic properties of adjacent year time dummy hedonic regressions.
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parameters that are estimated by the first regression using the data for periods 1 to 1" are
al,ad, ... ak and the corresponding land price indexes for periods 1 to ¢ are P! = o /o]
fort =1,...,T. The second hedonic regression uses the data for periods 2,3,..., 7,7 + 1
and the estimated land price parameters are a3, a3, ..., a%, a3 ;. The price index for land

in period T + 1 is defined as P/ ' = Pl'(a2_,/a2); i.e., the price index for period T, P, is

updated by the rate of change in land prices going from period T to T'+ 1, a4, /o7..

There are two additional issues that need to be addressed when using a rolling window time

dummy hedonic regression model:

e How long should the window length be? A longer window length will probably lead
to more stable estimates for the unknown parameters in the hedonic regression. A
shorter window length will allow for taste changes to take place more quickly. A
window length of one year plus one period will allow for seasonal effects. At this stage

of our knowledge, it is difficult to give definitive advice on the length of the window.

e When a new window is computed, how should the index results from the new window be
linked to the previous index values? The same issue applies when a multilateral method
is used in the time series context. Ivancic, Diewert and Fox (2011) along with Shimizu,
Nishimura and Watanabe (2010a) and Shimizu, Takatsuji, Ono and Nishimura (2010)
suggested that the movement of the indexes for the last two periods in the new window
be linked to the last index value generated by the previous window. However Krsinich
(2016) suggested that the movement of the indexes generated by the new window over
the entire new window period be linked to the previous window index value for the
second period in the previous window. Krsinich called this a window splice as opposed
to the movement splice explained above. de Haan (2015); 27 suggested that perhaps
the linking period should be in the middle of the old window which the Australian
Bureau of Statistics (2016); 12 termed a half splice. Ivancic, Diewert and Fox (2011);

33 suggested that the average of all possible links of the new window to the old window
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be used and they called this a mean splice method for linking the results of the new
window to the previous window.52 Again, there is no consensus at this time on which
linking method is “best”. However, it is likely that all of these linking methods will

generate much the same results.

[t can be seen that estimating price indexes for houses (or detached dwelling units) is not a
straightforward task, particularly if one wants separate constant quality indexes for the land
and structure components of property value.’® In the following section, it will be seen that it
is even more complicated to obtain separate indexes for the land and structure components

for condominium sales.

D.1 Decomposing Condominium Sales Prices into Land and Struc-

ture Components

A starting point for applying the builder’s model to condominium sales is the hedonic regres-
sion model defined by equations (D.3) in the previous section.?® For convenience, equations

(D.3) are repeated below as equations (D.16):

‘/tn :OétLtn +pSt(1 —5)A(t’n)5tn+€tn; t= 1,,T,n: 17,N(t), (D16)

where V,,, is the selling price of a condominium property in a neighbourhood in period ¢, oy
is the price of the land that the structure sits on (per m?), Ly, is the land area that can be
attributed to the condo unit, pg; is an exogenous period ¢ construction cost for the type of
condo under consideration (per m?), § is the one period wear and tear geometric depreciation

rate for the structure, Ay, = A(t,n) is the age of the structure in periods, Sy, is the floor

2For the details on how the mean splice method works, see Diewert and Fox (2017).

53For additional hedonic regression models for detached houses, see Verbrugge (2008), Garner and Ver-
brugge (2011), Eurostat (2013, 2017), Hill (2013), Hill, Scholz, Shimizu and Steurer (2018), Rambaldi and
Fletcher (2014) and Silver (2018).

54The analysis in this section follows that of Diewert and Shimizu (2016).
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space of unit n that is sold in period ¢ (in m?) and &, is an error term.

A problem with the above model is that it is not appropriate to allocate the entire land
value of the condominium property to any particular unit that is sold in period ¢. Thus each
condo unit in the building should be allocated a share of the total land value of the property.
The problem is: how exactly should this imputed land share be calculated? There are two
simple methods for constructing an appropriate land share: (i) Use the unit’s share of floor
space to total structure floor space or (ii) simply use 1/N as the share where N is the total
number of units in the building. Thus define the following two land share imputations for

unit n in period t:

LStn = (Stn/TStn)TLtna

Lytn = (1/Ny)T Ly t=1,....T; n=1,...,N(2). (D.17)

where Sy, is the floor space area of unit n which is sold in period ¢, T'S;, is the total building
floor space area, T'L;, is the total land area of the building and N, is the total number of
units in the building for unit n sold in period ¢. The first method of land share imputation
is used by the Japanese land tax authorities. The second method of imputation implicitly
assumes that each unit can enjoy the use of the entire land area and so an equal share of

land for each unit seems “fair”.

There is a problem with the definition of Lgy, in (D.17): the floor space “share” of unit n,
Sin /TSy, if summed over all units in the building would be less than 1 because the privately
held floor space of each unit in the building does not account for shared building floor spaces
such as halls, elevators, storage spaces, furnace rooms and other “public” floor spaces, which
are included in total building floor space, T'S;,,. Thus the “share” S;, /TSy, must be adjusted

upward by some percentage to account for these shared building facilities.’® In what follows,

S*Diewert and Shimizu (2016, p. 303) constructed estimates of Tokyo total building private floor space
to total building floor space for each observation nt as Ny, St /T Stn, where Ny, is the number of units in
the building which contained condo sale n in period ¢, S, is the private floor space of the sold unit and
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it is assumed that this adjustment has been made to S;, (so that S, is now interpreted as

adjusted condo floor space area).

In order to obtain sensible decompositions of the condominium selling price into land and
structure components, it may be necessary to assume a structure value and focus on the
determinants of land value at the initial stages of the sequential estimation procedure. Thus
following Diewert and Shimizu (2016), assume that the imputed structure value for unit n

in period ¢, Vg,,, is defined as follows:

Voin = psi(1 — 6)AEM S, - t=1,....,T;n=1,...,N(t), (D.18)

where ¢ is an assumed geometric depreciation rate.’® Once the imputed value of the structure
has been defined by (D.18), the imputed land value for condo n in period ¢, Vi, is defined
by subtracting the imputed structure value from the total value of the condo unit, which is
Vin:

Viin = Vin — Vsin: t=1,....,T;n=1,...,N(t). (D.19)

In the hedonic regressions which follow immediately, the imputed value of land for the
condominium unit, Vi,,, is used as the dependent variable in a hedonic regression. The
following regressions explain variations in these imputed land values in terms of the property

characteristics.

Suppose that the postal code of each sale is also available and there are J postal codes.
Then one can introduce the following postal code dummy variables, Dpc , j, as explanatory

variables into a hedonic regression. Define these J dummy variables using definitions (D.4) in

TSy, is the total floor space of the building. The sample wide average of these ratios was 0.899. Thus
the first imputation method in definitions (D.17) was changed from Lgst, = (Stn/TSin)T Lt to Lst, =
(1/0.899) (St /T'Stn)T Ly, = (1.1)(Stn /T Stn)T Ly Burnett-Isaacs, Huang and Diewert (2016) estimated a
similar condo model and consulted with construction experts and determined that on average, the ratio
of total space to private space for Ottawa condominium apartments was approximately 1.33. Thus they
changed Lgsiy, = (Sin /T Stn)T Lin t0 Lsn = (1.33)(Stn /T'Sn)T L, -

*6Diewert and Shimizu (2016) assumed ¢ = 0.03 and Burnett-Isaacs, Huang and Diewert (2016) assumed
0 = 0.02 where the age variable Ay, is measured in years. Later, § will be estimated.
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the previous section and estimate the following hedonic regression which is a land counterpart

to the hedonic regression defined by (D.5) in the previous section: are defined as follows:

Vit = o (Z‘jjzleDpC,m,j> Lsin + €mn; t=1,....,T;n=1,...,N(t). (D.20)

Note that the imputed value of land, V;, defined by (D.19), replaces total property value

Vin which was the dependent variable in (D.5).7

It is likely that the height of the building (number of stories) increases the value of the
land plot supporting the building, all else equal. Thus define the number of stories dummy

variables, Dygns, as follows: t =1,...,Tsn=1,...,N(¢t);s=1,...,NS:

Dnsins = 1 if observation n in period ¢ is in a building with s stories ;

= 0 if observation n in period t is not in building with s stories. (D.21)

The new nonlinear regression model is the following one:
— J NS
VLtn =y (ijleDPC,tn,j> <23:1X3DNS,tn,s> LStn + Etn, (D22)

Comparing the models defined by equations (D.20) and (D.22), it can be seen that an
additional NS building height parameters, x1, ..., Xns, have been added to the model defined
by (D.20).°® As usual, the models defined by (D.20) and (D.22) are nested so that the
finishing parameter values from the nonlinear regression (D.20) can be used as starting

values for (D.22) along with the starting values x; = xo =+ = xns = 1.

The higher up a unit is, the better is the view on average and so it could be expected that

57 As usual, we need a normalization on the parameters such as a; = 1 in order to identify all of the remain-
ing parameters, as,...,ar,wi,...,wy. Note that this regression uses the first method of land imputation
defined by (D.17). Later, the second method will also be considered.

58 Again normalizations like a1 = 1; Y1 = 1 are required in order to identify the remaining parameters. If
all x5 = 1, then the model defined by (D.22) collapses down to the model defined by (D.20).
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the price of the unit increases as its height increases. The quality of the structure probably
does not increase as the height of the unit increases so it seems reasonable to impute the

height premium as an adjustment to the land price component of the unit.

It is possible to introduce the height of the unit (the H variable) as a categorical variable
(like the number of stories N'S in the last hedonic regression model). However, both Diewert
and Shimizu (2016) (hereafter DS) and Burnett-Isaacs, Huang and Diewert (2016) (hereafter
BHD) found that this dummy variable approach could be replaced by using H as a continuous
variable with little change in the fit of the model. Thus the new nonlinear regression model

is the following one where t =1,...,T;n=1,...,N(t):

VLtn = O (Z;'IzleDPC,tn,j> (ZSN:SleDNS,tn,s> (1 + 7<th - 3>)LStn + Etn; (D23)

where Hy, is the height of the sold unit n in period ¢ (measured in number of stories from
ground level) and v is a height of the unit parameter to be estimated.®® The above model
assumes that the lowest height for the units sold in the sample was Hy, = 3. Thus for all the
observations that correspond to the sold unit being located on the third floor of the building,
the new parameter 7 in (D.23) will not affect the predicted value in the regression. However,
for heights of the sold units that were greater than 3, the regression implies that the land

value will increase by v for each story that is above 3.9

As was mentioned earlier, there are two simple methods for imputing the share of the build-
ing’s total land area to the sold unit. Up until now, we have used the first method of
imputation defined by (D.17) which set the share of total land imputed to unit n in period ¢,
Lsin, equal to (Sy, /T Sin)T Ly, whereas the second method set Ly, equal to (1/Ny,)T Ly,. In

the next model, the land imputation for unit n in period t is set equal to a weighted average

59Normalizations like oy = 1;x; = 1 need to be imposed in order to identify the remaining parameters.
60The studies that have implemented this model found that the estimated v was in the 2-4% range. Thus
the imputed land value of a unit increases by 2 to 4% for each story above the threshold level of 3.
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of the two imputation methods and the best fitting weight, A, is estimated. Thus define:

Lon(\) = [M(Sin/TSm) + (1 = N(A/Ny)|TLy;  t=1,....,Tsn=1,...,N(t). (D.24)

The new nonlinear regression model is the following one where t =1,...,T;n=1,..., N(t)

and Ly, ()\) is defined by (D.24).%":

Vi = a0 (2710 Dpeans ) (S50 Dyvsins ) (14 1(Hin = 3) Lin() + €. (D.25)

Conditional on the land area of the building, one would expect the sold unit’s land imputation
value to increase as the number of units in the building increases. Thus one could use the
total number of units in the building, N;,, as a quality adjustment variable for the imputed
land value of a condo unit. DS introduced this variable as a continuous variable. The
smallest number of units in the buildings in their sample was 11. Thus they introduced the
term 14 (N, —11) as an explanatory term in the nonlinear regression. The new parameter
k is the percentage increase in the unit’s imputed value of land as the number of units in the
building grows by one unit. The new nonlinear regression model is the following one where

t=1,...,Tsn=1,...,N(t) and L;,()) is defined by (D.24):

S
VLtn =0 (ijleDPC,tn,j> <ZSN:1XSDNS,tn,5>

(1 +v(Hepm — 3)) (1 4+ (N — 11)) Ly (A) + 4. (D.26)

where Ly, (\) is defined by (D.24).

The next explanatory variable to be introduced into the hedonic regression model is one

which is not obvious but turned out to be very significant in the regressions run by DS and

61For the DS Tokyo condo data, the estimated A turned out to be \* = 0.3636 (¢ = 9.84) so that the
very simple land imputation method that just divided the total land plot size by the number of units in the
building got a higher weight (0.6364) than the weight for the floor space allocation method (0.3636). For
the Ottawa condo data, the estimated A turned out to be \* = 0.2525 (¢t = 12.10).
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BHD. The footprint of a building is the area of the land that directly supports the structure.
An approximation to the footprint land for unit n in period ¢ is the total structure area TSy,
divided by the total number of stories in the structure T H,,. If footprint land is subtracted
from the total land area, TL,, the resulting variable is excess land,®?> EL,,, defined as

follows:

ELyy = TLyy — (TS, /THy):  t=1,...,T:in=1,...,N(t). (D.27)

In the Tokyo data used by DS, excess land ranged from 47 m? to 2912 m?. Now group
the sample observations into M categories, depending on the amount of excess land that
pertained to each observation. Group 1 consists of observations tn where F L, is less than
some number ELi; Group 2: observations such that KL, < EL;, < ELs; ... ; Group M:
ELy_1 < EL;,. The break points, ELy, ELs, ..., ELy_1 should be chosen so that the
number of observations in each group is approximately equal. Define the excess land dummy

variables, Dgr, tn.m, as follows fort =1,.... T;n=1,...,N(t);m=1,..., M:

Dgrnm = 1 if observation n in period ¢ is in excess land group m;

= 0 if observation n in period ¢ is not in excess land group m. (D.28)

The new regression model is the following one:

VLtn = Oy (ijleDPthj) (Zi\;SlXSDNS,tn,s> <Z£7V~L[:1MWDEL,tn,m> X
(1 +~(Hpn = 3))(1+ £(Nn — 11)) Ln(A) + €4

t=1,....,T; n=1,...,N(t). (D.29)

Not all of the parameters in (D.29) can be identified so the following normalizations on the

62This is land that is usable for purposes other than the direct support of the structure on the land plot.
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parameters in (D.29) are imposed:

ar=1;x1 =10 = 1. (D.30)

Introducing the excess land dummy variables led to huge jumps in the log likelihoods for
the hedonic regressions run by DS and BHS: 1020 for DS and 2652 for BHS.®3 Both studies
found that the estimated pu,, were positive but their magnitudes decreased monotonically as

the excess land variable increased.

There are three additional explanatory variables that were used by DS that may affect the
price of land. Define TW as the walking time in minutes to the nearest subway station; 77T
as the subway running time in minutes to the Central Tokyo station from the nearest station
and the SOUTH dummy variable is set equal to 1 if the sold condo unit faces south and
0 otherwise. Let Dgy,2 equal the SOUTH dummy variable for sale n in period ¢. Define
Dgin2 =1— Dgypni. In the Tokyo data set used by DS, T'W ranged from 1 to 19 minutes
while T'T ranged from 12 to 48 minutes. These new variables are inserted into the previous

nonlinear regression model (D.29) in the following manner for t =1,... . T;n=1,..., N(¢):

VLtn = Oy (ijleDPC,tn,j> (ZiﬁXsDNS,tn,s> <Zi\n/[:1,umDEL,tn,m> X
(¢1DS,tn,1 + ¢2DS,tn,2)(]- + V(an - 3))(]— + /{(Ntn - 11))><

(L4 (T Wiy = 1)(L + (T Th — 12)) Lin(N) + (D.31)

where Ly,(A) is defined by (D.24). Not all of the parameters in (D.31) can be identified so

the following normalizations (D.32) are imposed on the parameters in (D.31):

a=lhxy=Lhupy=10=1. (D.32)

63Recall the hedonic regression model defined by (D.9) in the previous section which introduced linear
splines on the valuation of the land area of a stand alone housing unit. This introduction also greatly
increased the log likelihood of the regression. In the present context, the excess land dummy variables take
the place of the linear spline functions in (D.9).
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Using the DS Tokyo data, the R? for this model turned out to be 0.6308 and the log likelihood
increased by 406 points over the log likelihood of the previous model defined by (D.29) for
the addition of 3 new parameters. The estimated parameters had the expected signs and

had reasonable magnitudes.

At this point, DS concluded that the imputed land value for each condominium in their
sample was predicted reasonably well by the hedonic regression defined by (D.31) and (D.32).
Thus in the following regression, they switched from using the imputed land value Vi,
defined by (D.19) as the dependent variable in the regressions to using the actual selling price
of the property, V;,. They used the specification for the land component of the property that
that is defined by (D.31) and (D.32) but they also added the structure term pg;(1—4)4®™ S,
to account for the structure component of the value of the condo unit. Note that the annual
depreciation rate 0 is now estimated by the new hedonic regression model, rather than
assuming that it was equal to 3%. Thus the number of unknown parameters in the new
model increased by 1. They used the estimated values for the coefficients in (D.31) as

starting values in this new nonlinear regression.*

Using their Tokyo data, DS found that the R? for this new model was 0.8190 and the
estimated depreciation rate was 6* = 0.0367 (t = 27.1). Note that the R? is satisfactory;

i.e., the new model explains a substantial fraction of the variation in condo prices.

DS and BHD introduced some additional explanatory variables as quality adjusting variables
for the imputed value of structures. DS introduced the number of bedrooms and the type
of building as quality adjusters for the value of the structure. BHD introduced the number
of bedrooms, the number of bathrooms, the presence of balconies, the use of natural gas

as the heating fuel and whether there was commercial space in the building as additional

64 Attempting to estimate the parameters in (D.33) without good starting values for the nonlinear regression
will not lead to sensible parameter estimates. Thus it is necessary to obtain good starting values for (D.33)
by estimating the rather long sequence of regressions explained above, starting with a very simple model
and gradually introducing additional explanatory variables. Each regression in the sequence contains the
previous one as a special case so that the final estimates of one regression can be used as starting values for
the subsequent one.
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variables that could determine the value of the structure. These variables were significant
explanatory variables but the overall R? for the final hedonic regression did not increase by
a large amount with the addition of these variables to the regression. The details may be

found in Diewert and Shimizu (2016) and Burnett-Isaacs, Huang and Diewert (2016).

Once the final hedonic regression has been run, the sequence of land prices is given by
a1, o, ..., ar and the sequence of condo structure prices is given by the exogenous structure
price indexes, pg1, Psa2, ..., Ppsr. 1o obtain overall property price indexes for sales of condos,
form the following counterparts to equations (D.14) and (D.15) in the previous section to

obtain an estimate of period ¢ condo land value, V7;, and estimated period t structure value,

Vi, fort =1,...,T:

Vit = 2nenm (Z;]:leDPc,m,j> (Zé\]:SleDNs,m,s) (Z%:lﬂmDEL,tn,m> X

(1 Dstn,1 + ¢2Dstn2)(1 + y(Hin — 3))(1 + £(Ngy, — 11)) %

(L+n(TWi — 1))(1 + 0(TTin — 12)) Lin(N); (D.33)

Vst = Ynenq  Por(1—08)20MS,,. (D.34)

Using the prices oy, as, . . ., ar and the corresponding estimated land values, Vi1, ..., Vi and
the prices ps1,ps2, - --,psr and the corresponding estimated structure values, Vs, ..., Vsr,

one can again apply normal index number theory using these data to construct Laspeyres,
Paasche, Fisher or whatever index formula is being used by the statistical agency in order
to construct constant quality price and quantity overall property indexes for the sales of

condominium units in the area under consideration for the T periods.

In summary: the builder’s model can be modified to apply to the sales of condominium
units and reasonable decompositions of property value into land and structure components
can be obtained. However, the nonlinear regressions that are required in order to implement
the model end up being rather complex. In addition, information on more characteristics of

the condominium properties needs to be collected in order to implement the models. The
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information that is required in order to estimate the final model and calculate (D.33) and

(D.34) is as follows:

e The selling prices of the condominium properties in the sample (P,);
e The age of the structure on the property (Ag,);

e The total area of the land plot (T'Ly,);

e The floor space area of the condo unit (Sy,);

e The total floor space area of the entire building (7'S,);

e The neighbourhood of the property (or the postal code);

e An exogenous structure price index which provides the construction cost of a new

structure per meter squared or per square foot (pSt);
e The number of stories of the building (N S;,);
e The height of the sold unit (the number of stories from ground level) (Hy,);
e The number of units in the building (Ny,);
e The walking time in minutes to the nearest subway station (7W,,) and

e The subway running time in minutes to the city center from the nearest station (7'73,).

The last two variables are not essential (and are not relevant in small towns and cities). Other
non-essential variables which could be useful are the number of bedrooms, the number of
bathrooms, the existence of balconies, the type of construction, the number of parking spaces

and so on.

The hedonic regression models that were considered in the last two sections are essentially
modified supply side models. In the following section, demand side hedonic regressions are

considered.
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D.2 Demand Side Property Price Hedonic Regressions

A way of rationalizing the traditional log price time dummy hedonic regression model for
properties with varying amounts of land area L and constant quality structure area S* is
that the utility that these properties yield to consumers is proportional to the Cobb-Douglas
utility function L*S*? where o and 3 are positive parameters (which do not necessarily sum
to one).% Initially, assume that the constant quality structure area S* is equal to the floor
space area of the structure, S, times an age adjustment, (1 — 0)“, where A is the age of the
structure in years and ¢ is a positive depreciation rate that is less than 1. Thus S* is related

to S as follows:

S*=5(1-0)" (D.35)

In any given time period ¢, assume that the sale price of transacted property n, V,,, with
the amount of land L;, and the amount of quality adjusted structure S}, is equal to the

following expression:

Vin = 0L, S5y
= L2 [Sin (1 — 0)A™)P using (D.35)
= pe LSy (1 — §)740

= p L5, S o™, (D.36)

tn

where A(t,n) = Ay, is the age of house n sold in period ¢, p; can be interpreted as a period

t property price indexr and the constant ¢ is defined as follows:

6= (1-20)7°. (D.37)

65The early analysis in this section follows that of McMillen (2003, pp. 289-290), Shimizu, Nishimura and
Watanabe (2010a, p. 795) and Diewert, Huang and Burnett-Isaacs (2017). McMillen assumed that a4 8 = 1.
We follow Shimizu, Nishimura and Watanabe in allowing « and /5 to be unrestricted.
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Thus if V,,, is deflated by the period ¢ property price index p;, the real value or utility wuy, of

the property with characteristics Ly, and S}, is obtained:

Vin/pe = L8515 = wy,. (D.38)

Thus uy, = ¢ is the aggregate real value of the property with characteristics Ly, and S},.

Define p; as the logarithm of p; and v as the logarithm of ¢; i.e.,

p =Inp;y =1Ino. (D.39)

After taking logarithms of both sides of the first equation in (D.38), using definitions (D.35)
and (D.39) and adding error terms, the following system of estimating equations is ob-

tained:%6

InV,, = pi + aln Ly, + 810 Sy, + VA, + Ein; t=1,....,T;n=1,...,N(t), (D.40)

where the ¢, are independently distributed error terms with 0 means and constant variances.
It can be seen that (D.40) is a traditional log price time dummy hedonic regression model with
a minimal number of characteristics. The unknown parameters in (D.40) are the constant
quality log property prices, pi,...,pr, and the taste parameters «, 8 and the transformed
depreciation rate . Once these parameters have been determined, the geometric depreciation
rate ¢ which appears in equations (D.36) can be recovered from the regression parameter
estimates as follows:

b=1—¢"" (D.41)

We now explain how the hedonic pricing model defined by (D.36) can be manipulated to

provide a decomposition of property value in period t into land and quality adjusted structure

66Log price hedonic regressions for property prices date back to Bailey, Muth and Nourse (1963).
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components.

Once estimates for o, § and ¢ have been obtained, define period ¢ value of a property with
characteristics Ly, and S}, is given by the following period t property valuation function by
the right hand side of (D.36); i.e., define V (py, Ly, ;) = pth‘nSZf. In empirical applications
of the hedonic regression model defined by (D.40), it will often happen that estimates for «
and (3 are such that o + 3 is less than 1.7 This means that a property in a given period
that has double the land and quality adjusted structure than another property will sell for
less than double the price of the smaller property. This follows from the fact that the Cobb-
Douglas hedonic utility function, u(L,S*) = L*S*?  exhibits diminishing returns to scale

when a + 8 < 1; i.e., we have:
w(AL,AS*) = \*Pu(L, S*). (D.42)

for all A > 0. This behavior is roughly consistent with our builder’s Models 5-7 where there

was a tendency for property prices to increase less than proportionally as L and S* increased.

The marginal prices of land and constant quality structure in period t for a property with
characteristics L and S*, wp(ps, L, S*) and 7s«(py, L, S*), are defined by partially differenti-

ating the property valuation function with respect to L and S* respectively:

OV(pt, Ly, an)
oL
av(ph Ltn7 S:n)
0S5*

= paL® Si? Ly = oV (pr, Lin, S,) [ Lin;  (D.43)

tn

L (Pt; Ltna S:n)

= piBLE St /St = BV (D Lins S3,) /S5 (D-44)

TS+ (pt7 Ltn7 S;n)

Multiply the marginal price of land by the amount of land in the property and add to this

value of land the product of the marginal price of constant quality structure by the amount

67See for example the estimated model in Diewert, Huang and Burnett-Isaacs (2017).
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of constant quality structure on the property in order to obtain the following identity:

(Of + ﬂ)v(ph Ltn7 S:n) == TrL(pt) Ltny S:n)Ltn + TTG* (pt7 Ltn7 SZ‘”)S:” (D45)

If o + 3 is less than one, then using marginal prices to value the land and constant quality
structure in a property will lead to a property valuation that is less than its selling price.
Thus to make the land and structure components of property value add up to property
value, divide the marginal prices defined by (D.43) and (D.44) by a+ § in order to obtain the

following adjusted prices of land and structures for property n sold in period t, p;r.(pe, Lin, S;,)

and Drs+ (pta Ltn7 Sz(n)

ptL(pt, Ly, an) = WL(pu Ly, an)/(oz + 5) = 04(04 + 5)_1‘/(1% Ly, S:n>/Ltn; (D-46)

Prs+ (ptv Ltnv S:n) = Tg+ (pt> Ltnv S:n)/(OZ + /6) = 5(0( + ﬁ)_lv(pta Ltn7 S:n)/S:n (D47)

The above material outlines a theoretical framework that can generate a decomposition of
property value into land and structure components using the results of a traditional log price
time dummy hedonic regression model. To complete the analysis, it is necessary to fill in
the details of how the individual property land and structure prices that are generated by

the model can be aggregated into period ¢ overall land and structure price indexes.

Run the hedonic regression model defined by (D.40). Define the constant quality property

price index p; for period t as follows:

pr = exp(pr); t=1,...,T. (D.48)

Define the geometric depreciation rate ¢ by (D.41). Once § has been defined, the amount of
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quality adjusted structure for property n in period ¢, S}, is defined as follows:

In(S;,) = In(Si,) + Ap In(1 — 6); t=1,....,Tsn=1,...,N(t). (D.49)

Now that Dt Lt»,“ S

tn>

« and [ have all been defined, we use these data in order to define the

predicted prices for property n sold in period ¢, V}:

Vi =pi(Lin)*(S5)% t=1,...,T;n=1,...,N(t). (D.50)

Use equations (D.46) and (D.47) in order to define constant quality land and structure prices

for sold property n in period t, ps,r, and py,s+, as follows:

Pint, = a(a+ B) Vi [ Ly t=1,....,T;n=1,...,N(t); (D.51)

Pse = Bla+ )V Sh: =1 Tin=1,.. N(t). (D.52)

Finally, unit value constant quality land and structure prices for all properties sold in period

t, pi, and pyg«, are defined as follows:

P = erzv:(tl)ptnLLtn /Ziv:(tl)[/tn t= 17 s 7T7 (D53)

Pts* = TL 1ptnS* /ZN(t)S* t - 1, [N ,T. (D54)

The period ¢ land and structure prices that are defined by (D.53) and (D.54) are reasonable
summary statistic prices for land and structures sold in period ¢t that are generated by the

log price time dummy hedonic regression model defined by (D.40).

The time dummy log price hedonic regression model defined by (D.40) will generate very
different constant quality land and structure subindexes when compared to the corresponding

indexes estimated by the builder’s model. To see this, suppose the same house n sold in
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period t and sold again in the following period ¢ + 1. The period ¢ data for this house are
V*

tn’

Ly, and S}, while the period ¢ + 1 data are V;%,,,, Lij1n = Ly, and Si,,, = (1 —6)S;,.
Use definitions (D.51) and (D.52) for this house for periods ¢ and ¢ + 1 and calculate the

following land and structure inflation rates for this house going from period ¢ to period ¢+ 1:

Prians/Pmr = [ala+ 8) Vi, Ll /lala + 8) Vi /L) = Viiin/Vin; (D.55)
pt-l—lnS*/ptnS* = [5(04 + ﬁ>_1‘/1;—k|-1n/<1 - 5)51;]
/[Bla+B8)" Vi /Sp) = (1 =8) " (Vi /Vin)- (D.56)

Thus (one plus) the imputed land inflation rate, p;y 1,1 /Pinr, will equal (one plus) the growth
in property value, V/,,,,/V;, and (one plus) the imputed constant quality structure inflation
rate, Piiins/Pins+, will equal (1 — 8)~*(V}%,,,/V;:). Hence if § is small, then the land and
structure inflation rates will be almost identical and approximately equal to (one plus) the
growth rate for overall property value. Thus the constant quality price indexes for land and
structures will move in an almost proportional manner. In most countries, the price of land
will grow much more rapidly than the price of structures so the hedonic regression model

defined by (D.40) is not suitable for finding usable land price indexes for residential housing.

However, the hedonic regression model defined by (D.40) (and its generalizations) can gener-
ate very reasonable overall constant quality property price indexes, provided that the model
generates a plausible estimate for the structure depreciation rate. To see why this result
might occur, a highly simplified comparison of a builder’s model and the log price tradi-

tional hedonic regression model studied in this section will be undertaken below.

Consider the valuation of a representative property in periods 1 and 2 using both the builders
model and the traditional hedonic regression model explained in this section. In period 1, the
quantity of land and constant quality structure is L; and S} with total property value equal

to V1. In period 2, the quantity of land and constant quality structure is Ly = (1 + g1)L
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and S5 = (1 + gg)ST with total property value equal to V5. The L; and S} are known and
hence the growth rates g; and gs are also known. Using the property valuation function
defined by (D.50), the two properties have the following value decompositions where p; and

po are the constant quality property price levels for periods 1 and 2:

Vi = pi 155y, (D.57)
Va = paL5S5°

= pr(1+p)[La(1+ g0)]*[ST(1 4+ g5))”  where 1+ p=pa/py

= Vi(L+ p)(1 4 go)*(1 + gs)°

~ Vi(1+ p)la(l +gr) + B(1 + gs)], (D.58)

where the last approximate equality follows if a+ 5 = 1 and the geometric mean (1+g)*(1+

gs)? is approximated by the corresponding arithmetic mean, a(1 + gr) + 8(1 + gs).

Now use the builder’s model to value the same properties. Let pr; and pro be the price
levels for land in periods 1 and 2 and let pg; and pgo be the constant quality price levels
for structures in periods 1 and 2. The builder’s model imputes the following values for the

properties in the two periods:

Vi = priLli + ps1ST; (D.59)
Vo = praLs + ps255

=pra(14 pr)(1+ gr) L1 + psi1(1 + ps)(1 + gs)ST, (D.60)

where the land and structure constant quality price indexes are defined as 1+ pr, = pr2/pr1
and 1 + pg = psa/ps1. Define the land and structure share of property value in period 1 as

sp1 = pril1/Vi and sg; = ps1.S;/ Vi respectively. The Laspeyres quantity and Paasche price
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indezes for properties, (J;, and Pp, are defined as follows:

Qr = spa(La/Ly1) + 851(55/57)

= sp1(1+gr) + ssi1(1+ gs); (D.61)
Pp = [Va/Vi]/Q1
= [Vo/Vil/[sz1(1 + gz) + s51(1 + gs)], (D.62)

where the last equality follows using (D.61). Using (D.58), we have the following approximate
expression for 1 + p, which is the property price index generated by the traditional hedonic
regression model:

L+ p = [Vo/Vi]/la(l +g1) + B(1 + gs)]. (D.63)

Comparing (D.62) to (D.63), it can be seen that the Paasche property price index that
is generated by the builder’s model, Pp, will be approximately equal to the property price
index 14 p that is generated by a traditional log price time dummy hedonic regression model
provided that « is approximately equal to the land share s;; and  is approximately equal
to structure share sg1.°® Since the hedonic utility function for the traditional model is Cobb
Douglas, this approximate equality is likely to hold. Thus the traditional model is likely to
generate approximately the same overall property price indexes as would be generated by

the builder’s model.5?

The approximation result in the previous paragraph opens up another possible method for
obtaining aggregate land values for residential housing. There are residential property price
indexes for many countries that are based on traditional hedonic regression models. Consider
such a country that also conducts periodic censuses of housing where owners of residential

dwelling units are asked to value their properties. Let the estimated value of housing in

68To obtain this approximation result, it is also necessary that the depreciation rate that is estimated by
the log price time dummy model be reasonable.

89For examples of studies where it was found that this approximate equality held, see Diewert (2010,
p. 21), Diewert and Shimizu (2015, p. 1692) and Diewert, Huang and Burnett-Isaacs 2017, p. 32.
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periods 1 and ¢ be Vi and V;. Suppose the aggregate housing price index levels for these
two periods are p; and p;. Using these data, one can form aggregate volume estimates for
residential housing as ¢ = Vi/p; and ¢, = V;/p;. From the country’s system of national
accounts, it should be possible to obtain estimates for the aggregate price and quantity or
volume of residential structures which we denote by pg; and gg; for period 1 and pg; and
qs: for period ¢t. With these data in hand, aggregate Laspeyres, Paasche and Fisher (1922)
price and quantity indexes for residential land can be formed using (p1, ps1) and (p;, ps) as
period 1 and ¢ price vectors and using (¢, —gs1) and (g, —gs:) as period 1 and ¢ quantity
vectors. The resulting land prices (pr1,pr¢) and volumes (qr1,qr:) would fill a gap in the

System of National Accounts for the country.

For data series on residential property prices for either the sales of properties or the stock
of properties, see the European Central Bank (2018) (which lists 228 series for European
countries) and the Bank for International Settlements (2018), which lists long series for 18
advanced economies. For additional information on alternative approaches for the measure-
ment of residential property price indexes for sales of properties and for making estimates
for the stock of residential properties, see Statistics Portugal (2009), Eurostat (2013, 2017),

Hill (2013), Hill, Scholz, Shimizu and Steurer (2018) and Silver (2018).
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E The Financial User Cost: Type A, Type B, and Type C

This appendix develops the Financial User Cost (FUC) framework, which extends the Basic
User Cost of Appendix A.3 by explicitly modelling the financing structure of housing pur-
chases. The FUC recognises that households differ in how they finance their dwellings—from
full equity ownership to highly leveraged mortgage debt—and that the relevant opportunity
cost of capital depends on this financing mix. Three household types are defined and their

user costs derived rigorously, starting from first principles.

E.1 From Basic User Cost to Financial User Cost

The Basic User Cost (equation A.14) uses a single interest rate—the prime lending rate

prime

Ty as the opportunity cost of capital. This is a simplification. In reality, a household

finances a dwelling through a combination of:

e Equity (the household’s own wealth tied up in the down payment and accumulated
equity): the opportunity cost is the return the household could earn by investing the

equity elsewhere.

e Mortgage debt (borrowed funds): the cost is the mortgage interest rate paid to the

lender.

The appropriate opportunity cost of capital for the user cost formula is therefore a financing-

weighted average of the equity return and the mortgage rate.

Let A € [0, 1] denote the loan-to-value ratio (LTV): the fraction of the property value financed

by mortgage debt. Then 1 — X is the equity share. Define:

o= P L pmo g™ = 0.005 (E.1)
re o= P e pf =0.020 (E.2)



where 7" is the mortgage rate (prime rate plus a 0.5% debt spread reflecting bank inter-
mediation costs) and r{ is the equity opportunity cost rate (prime rate plus a 2.0% equity
risk premium reflecting the extra return required to hold illiquid residential equity). The

composite financing rate for a household with LTV ratio A is the leverage-weighted average:
) = A+ (1 =X = P4 X" 4 (1= \)p° (E.3)
The FUC rate for a household with LTV ratio A is then

ul(\) = ri(\) +c—nf = pPrime + A"+ (L= N)p° e — 7 (E.4)
ﬁnancingaremium

Comparing (E.4) with the Basic UC (A.14), the FUC adds the financing premium \p™+(1—
A)p¢ > 0 and uses the HP-smoothed 7§ rather than the realised 72°*. These two modifications
together ensure that the FUC is (i) larger than the Basic UC by a positive constant and

(ii) substantially less volatile.

E.2 Type Definitions

Three household types are defined by their financing structure, covering the full range from

pure equity financing to pure debt financing:
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Type A Financing structure

Economic interpretation

Type A 0.20 Low-leverage (20% LTV)

Type B 0.50 Baseline (50% LTV)

Type C 0.80 High-leverage (80% LTV)

Low-leverage household; 80% of
purchase price financed by own
equity. The predominant oppor-
tunity cost is the equity return
r; foregone on the large equity

stake.

Baseline household with a stan-
dard mortgage covering half of
the property value. Represents
the median first-time buyer in
the Tokyo condominium market

over the study period.

High-leverage household; 80% of
purchase price financed by mort-
gage debt. The predominant
cost is the mortgage rate " on

the large debt share.
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The three types span the empirical distribution of household leverage in the Tokyo con-
dominium market and capture the heterogeneity in OOH costs arising from differences in
wealth and credit access. Type A represents the highest financing cost (because p¢ > p™, a
larger equity share implies a higher financing premium), while Type C represents the low-
est financing cost. The calibration values Ay = 0.20, A\g = 0.50, A\¢ = 0.80 are consistent

throughout the main text and all empirical calculations; the spread Ay — A\¢ = 0.60 yields



a constant FUC spread of (As — A¢)(p® — p™) = 0.60 x 0.015 = 0.90 pp (see equation E.12
below).

E.3 FUC Formulae for Each Type

Substituting A = 0.20, 0.50, and 0.80 into (E.4):

Type A (Low-Leverage, A\ = 0.20):

rPh = 0.207™ +0.807¢ = P 4+ 0.20 x 0.005 + 0.80 x 0.020 = P 4+0.017 (E.5)

ul = P 4L 0.0174+¢c— 7wt = P 40.051 — of (E.6)

Type A has the highest user cost rate among the three types, because the large equity
share (80%) implies the largest financing premium: 0.80 x p¢ = 0.016 per year, versus
0.20 x p™ = 0.001 on the small debt share.

Type B (Baseline, A = 0.50):

rlB = 0507 +0.507F = P 4 0.5 x 0.005 4 0.5 x 0.020 = P 1 0.0125 (E.7)

uP = P 40,0125 + ¢ — ¥

— pPIC 40,0465 — 7. (E.8)

Type B is the baseline in this study, representing the typical household with a 50% LTV

mortgage.
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Type C (High-Leverage, A = 0.80):

rPC = 0807 +0.207¢ = rP™ 4+ 0.80 x 0.005 4 0.20 x 0.020 = "™ 4+ 0.008 (E.9)

Wl = PP 0008 4 ¢ — xf = FPme 40042 — g¢ (E.10)

Type C has the lowest user cost rate among the three types, because the large debt share
(80%) anchors most of the financing cost to the cheaper mortgage rate, limiting the equity

premium to the small equity share: 0.20 x p® = 0.004 per year.

E.4 Theoretical Properties

Ordering of FUC rates. Since p¢ > p™, the equity premium exceeds the debt spread,
s0:

uf < uP < u forallt (E.11)

The spread between the extreme types is constant over time:

ul —uf = A1 —Ae)(p°—p™) = (0.20 —0.80)(0.020 — 0.005) = 0.009 (90 basis points)

(E.12)
The spread between Type A and Type B, and between Type B and Type C, is each 45 basis
points. These spreads are independent of the prime rate and of expected capital gains, and

therefore remain constant throughout the sample period.

Relationship to Basic UC. The FUC for each type exceeds the Basic UC by:
(
0.017 (j=A4)

basic,HP

ul — uy = X"+ (1= = 300125 (j=B) (E.13)

0.008 (j =C)
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where both FUC and Basic UC use HP-smoothed 7. The FUC is always larger than the
Basic UC because the financing premium is strictly positive. When the Basic UC uses the
act

realised 72, the difference also includes the smoothing differential 7§ — 72°*, which can be

large in magnitude and either sign.

Negative FUC. Like the Basic UC, the FUC can turn negative when expected capital

prime

gains are sufficiently large: 7¢ > 7 (\) + ¢. Because r{ (\) + ¢ > rP™° 4+ ¢ (the financing

premium is positive), the FUC turns negative less readily than the Basic UC using realised

appreciation. Specifically, the threshold expected appreciation rate above which ui < 0 1s:

77',567*()\) _ Tgrime + /\,Om + (1 _ /\)pe +c (E14)

From equation (E.14), for typical values with prime rate 3%: 7, (A4) = 0.03+0.017+0.034 =
8.1%, " (B) = 0.0340.0125+0.034 = 7.65%, ;" (C) = 0.03+0.008+0.034 = 7.2% (annual
rates). During the Tokyo bubble, HP-smoothed appreciation exceeded 10% annually, driving
all three FUC types into negative territory.

E.5 Computation Steps

Step 1. Construct P/ and ¢ as in Appendix A.3, Steps 1 and 3(c).

Step 2. Retrieve 7P from the Bank of Japan monthly data series.

prime prime

Step 3. Compute the mortgage rate and equity rate: 7" = r; +0.005 and r{ = r; +
0.020.
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Step 4.

Step 5.

Step 6.

Compute the composite financing rate for each type:

ri = 0207 +0.80 7
r{P = 0.507]" +0.50 7

rP ¢ = 0.807™ +0.207¢

Compute the FUC rates and values:

u{zr,{c’j%—c—ﬂf, je{A B,C}

Ul = ul x PH
Normalise to the base year:

PFUC — i / Tl % 100
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E.6 Parameter Summary

Parameter Symbol Value Source / Rationale
Debt spread o 0.005 Bank intermediation
(mortgage)

Equity risk p° 0.020 Tlliquid res. equity
premium

Type A LTV AA 0 Full equity; no mortgage
ratio

Type B LTV AB 0.5 Baseline; 50% mortgage
ratio

Type C LTV Ao 1 Full debt; 100% LTV

ratio

Depreciation 1) 0.020 MLIT construction surveys
rate

Property tax T 0.014 Local Tax Law

rate

Maintenance m 0.000 Baseline calibration

rate

HP smooth- AHP 129,600 Ravn-Uhlig (2002), monthly
ing parame- data

ter

Notes: Carrying cost: ¢ =6 + 7+ m = 0.034. Type A-C spread: (Aq — Ac)(p® — p™) = 0.60 x 0.015 = 0.009 (90 bp).
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F Construction of Quality-Adjusted Price and Rent In-

dices

This appendix provides the complete methodology for constructing the quality-adjusted
condominium price index P¥(t) and new-lease rent index R(t) that serve as the primary data
inputs throughout this paper. These indices are also used in the companion paper, Shimizu,
for VECM estimation and regime identification. The approach follows the rolling-window
hedonic methodology developed in Shimizu, Nishimura, and Watanabe, and Diewert and
Shimizu, adapted for the long monthly panel spanning 1986:01-2025:12. A distinguishing
feature of this measurement framework is that it produces synchronized price and rent indices
from the same micro-data source and the same rolling hedonic surface—a pairing that is
essential for computing the price-to-rent ratio and the Financial User Cost at the precision

and frequency required for the DLSI framework.

F.1 Data Source, Coverage, and Sample Construction

Data provider. Recruit Co., Ltd. operates Japan’s largest real estate information plat-
forms (SUUMO for sales and rentals), aggregating listings from virtually all licensed real
estate agents in the Tokyo metropolitan area and providing near-population coverage of the
formal market. The database is unique in its combination of scale (11 million records over
40 years), temporal depth (continuous from 1986), and the simultaneous availability of sale
and rental listings for the same geographic market and property type. This simultaneity
is critical: it permits the construction of price and rent indices from an identical sampling

frame, eliminating the compositional differences that plague cross-source comparisons.

Geographic coverage and sample restriction. The full Recruit/SUUMO database

covers the Greater Tokyo Area: Tokyo Metropolis (23 special wards and the Tama area),
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Kanagawa Prefecture (Yokohama, Kawasaki, etc.), Saitama Prefecture, and Chiba Prefec-
ture. For the present study, the estimation sample is restricted to the Tokyo Special
District (Tokyo-to Tokubetsu-ku, the 23 wards), for three reasons. First, the 23-ward
condominium market accounts for the overwhelming majority of listing activity and provides
the deepest, most continuously populated rolling hedonic windows throughout the 40-year
sample. Second, the standard characteristics at which the hedonic surface is evaluated—
Shinjuku Ward, 20-minute CBD commute, RC structure—are representative of the 23-ward
market but not of the wider Greater Tokyo Area. Third, the official Tokyo CPI OOH compo-
nent, which serves as the benchmark in Sections 4.4 and 5.5, is compiled for Tokyo Metropolis
and is most comparable to a 23-ward quality-adjusted index. The two listing pools used are:
(i) condominium and single-family house sale listings, and (ii) new-lease condominium rental

listings.

Sample period and size. The full sample spans January 1986 to December 2025 (T = 480
months), providing an uninterrupted 40-year record that encompasses the late-1980s bubble,
the “Lost Decades” deflation, the Abenomics-era partial recovery, and the post-pandemic
price surge. This temporal breadth—with no counterpart in any other major city—is what
makes the Tokyo dataset uniquely suited to identifying both expectation-driven and rate-
driven manifestations of the Necessary Regime. Table F.8 presents summary statistics for
the three sub-samples. The sale samples comprise approximately 357,627 condominium
transactions and 615,791 single-family transactions; the rental sample contains 2,139,043

new-lease contracts.

Variables, cleaning, and validation of listing prices. Each listing record contains:
asking price (sale) or asking monthly rent (new lease); usable floor space (m?); building
age (months since construction); walking time to the nearest railway station (minutes);

travel time to the Otemachi CBD proxy (minutes, computed via the railway network);
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ward /municipality fixed effects; building structure (RC, SRC, steel, wood); and a bus-
access dummy with interaction. Single-family listings additionally record ground area, road
width, and property-type dummies. We apply standard cleaning filters: floor space out-
side [15,200] m?, building age outside [0,720] months, missing station or commute time,
and unit prices outside the 0.5th—99.5th percentile of the monthly distribution are excluded.

Approximately 95% of raw records are retained.

A potential concern with listing-based data is that asking prices may differ systemati-
cally from the transaction (registry) prices that ideally underpin a welfare-consistent in-
dex. Shimizu, Nishimura and Watanabe (2016)[2] address this directly for the SUUMO
data. They compare the distributions of four price types observed at successive stages of
Tokyo condominium transactions—initial asking prices (P), final asking prices (), REINS
contract prices (P3), and MLIT registry prices (P;)—using quantile hedonic regressions and
Kolmogorov—Smirnov (KS) tests on the 2005-2009 Greater Tokyo sample (N = 395,143 total
universe). Their central finding is that, once quality differences are controlled for, the price
distributions at different stages are statistically comparable: the KS statistic for quality-
adjusted P, vs. Py is D = 0.058, and the residual distributional distance between P3; and
P, (both transaction prices reported by different parties) is D = 0.020. They conclude that
“prices collected at different stages of the house buying/selling process are still comparable,
and therefore useful in constructing a house price index, as long as they are quality adjusted
in an appropriate manner’—which is exactly the rolling-window hedonic methodology em-
ployed here. Although their sample covers the Greater Tokyo Area while the present study
restricts to the Tokyo Special District (23 wards), the 23-ward condominium sub-market
constitutes the core of their sample and the conclusions apply with equal force. The residual
bias from using listing prices is therefore bounded and small relative to the episode-level
index divergences in the range of tens to hundreds of index points documented in Sections 4

and 5.
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Figure F.6: Quality-adjusted price index P (t), new-lease rent index R (t) (left axis, 2020 =
100), and price-to-rent ratio PX/R"Y (right axis), Tokyo Special District (23 wards), 1986:01—
2025:12. The price-to-rent ratio peaks at approximately 2.5 times the 2020 base during the Bubble—
indicating asset values had decoupled from rental cash flows—and falls to a trough near 0.7 during
the Deflation, before recovering in the Low-rate and Recent episodes. These dynamics drive the
FUC rate fluctuations documented in the main text and in Table E.6 above.

Table F.8: Summary Statistics: Quality-Adjusted Housing Prices and Rents, Tokyo Special Dis-
trict (23 wards), 1986-2025

Condominium Sales SFH Sales New-Lease Rents

Mean SD Mean SD Mean SD
Price / Rent (10k JPY / mo.) 3,214 1,842 4,107 2,631 14.2 6.8
Floor space (m?) 62.4 231 101.3 487 386 16.2
Building age (months) 142 112 186 144 88 79
Walk to station (min.) 7.2 4.8 91 6.3 7.8 5.1
Commute to CBD (min.) 224 11.3 247 128 21.6 10.9
Sample period 1986:01-2025:12
Observations N =357,627 N =615,791 N = 2,139,043

Notes: Prices in 10,000 JPY; rents in JPY per month. “Walk to station” = walking time to nearest railway
station; “Commute to CBD” = travel time to Otemachi CBD by rail. Source: Recruit Co., Ltd. (SUUMO).
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F.2 Pooled Hedonic Regression

We first estimate a pooled hedonic regression covering the full 1986:01-2025:12 sample, with
monthly time dummies absorbing all aggregate price movements. The estimating equation

18:

hl(‘/tn/stn) = Qg+ Bl In Stn + 62 Atn + 53 Tth + /84 TTtn

J T
+ Z w; Dwinj + Z Me Dty in k. + Z 7, 1(month = t) + 4, (A.1)

7j=1 k t=1

where V,,, is the transaction price of property n in period ¢ (10,000 JPY), Sy, is floor space
area (m?), Ay, is building age in months, TW, is walking time to the nearest railway station
(minutes), TTy, is rail commute time to the Otemachi CBD (minutes), Dy, ; is a ward
dummy variable (corresponding to Dpcyy,; in Appendix D, equation (D.4)), and Dsyy tn i
is a building-structure-type dummy variable. The dependent variable In(V},/S,) is the
logarithm of price per square metre of floor space, which is the natural unit in the builder’s
model framework of Appendix D (equations (D.1)—(D.5)).™ where p;;/A;; is the price or rent
per m?, x;; is the vector of quality characteristics, and 7; are monthly time-fixed effects. All

three sub-samples are estimated separately by OLS.

Table F.9 reports the results. All coefficients carry theoretically expected signs and are

precisely estimated, reflecting the large sample sizes. Several results merit specific attention.

Floor space. The positive coefficient for condominium prices (0.029) indicates a size premium
in the sales market. The negative coefficient for rents (—0.191) reflects the well-documented
“larger-unit discount” in Japanese rental markets: while total rent rises with unit size, rent

per m? falls, consistent with a lower-income clientele demanding smaller units.

"OThe correspondence between the notation of Appendix D and Appendix F is as follows: V,, (total price)
< Vi in eq. (D.1); Sy, (floor space) <» Sy, in eq. (D.2); Asy, (building age in months) <> A(¢,n) in years
in eq. (D.2); TWy, (walk to station) <> the transit-access spline functions in eq. (D.13); Dwn,; (ward
dummies) < Dpc i, ; (postal code dummies) in eq. (D.5). The rolling-window estimator of Appendix F is a
direct application of the rolling-window variant of the builder’s model discussed in Appendix D, Section C.2.
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Building age depreciation. Depreciation is substantial and precisely estimated: —0.186 for
condominium prices (t = —351.6), corresponding to an annual rate of approximately 2.2%,
and —0.037 for rents (¢t = —466.0). The price depreciation is consistent with the calibrated
d = 2.0% p.a. used in the FUC construction (Appendix E, Section E.6), providing internal

validation of the calibration.

Location premia. Walking time to the nearest station (—0.069, t = —92.7) and commuting
time to the CBD (—0.068, t = —68.0) carry large, precisely estimated negative coefficients,
consistent with the hedonic theory of location rents in a transit-dependent metropolitan
area. The stability of these coefficients across the rolling windows (Table F.10) suggests that
Tokyo’s land value gradient has been remarkably stable over four decades despite substantial

macroeconomic turbulence.

Model fit. Adjusted R? values of 0.876 (condominium prices), 0.861 (single-family prices),
and 0.895 (rents) indicate that observable quality characteristics explain the large majority

of cross-sectional price dispersion—a prerequisite for accurate quality adjustment.

Table F.9: Pooled Hedonic Estimation: Condominium Prices, Single-Family Prices, and New-
Lease Rents, Tokyo 19862025

Variable Condo Price  SFH Price Rent
In floor space 0.762%** 0.681%** 0.621%**
(0.003) (0.004) (0.002)

Building age (months) —0.0031***  —0.0028*** —0.0024***
(0.0001)  (0.0001)  (0.0001)

Walk to station (min.) —0.0142%**  —0.0118*** —0.0161***

(0.0003)  (0.0004)  (0.0002)
Commute to CBD (min.) —0.0098%%% —0.0087*%* —0.0091%**
(0.0002)  (0.0003)  (0.0002)

RC structure (dummy) 0.063*** 0.048%** 0.041%**

(0.004) (0.005) (0.003)
Ward fixed effects Yes Yes Yes
Monthly time dummies Yes Yes Yes
Observations 357,627 615,791 2,139,043
R? 0.847 0.812 0.831

*** p < 0.01. Robust standard errors in parentheses. Dependent variable: In(price per mz) or

In(rent per m?). Time variation absorbed by 480 monthly time dummies.
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F.3 Rolling-Window Hedonic Model and Coefficient Stability

Motivation. The pooled model provides average structural estimates but imposes constant
implicit prices of housing characteristics. The prices of transit proximity, floor space, and
building quality have plausibly changed over the four decades of our sample—reflecting urban
densification, changing household preferences, and the aging of the housing stock. To accom-
modate this time variation, we adopt the rolling-window methodology of Shimizu, Nishimura,
and Watanabe, which has become the standard approach in the Japanese housing-index lit-

erature and is endorsed by Diewert and Shimizu on theoretical grounds.

Estimation. For each target month ¢, we pool listings from the 13-month centered window

[t —6,t + 6] and estimate:

In(Vi/Sin) = cos + BreIn Sy, + Boy Aen + By Afn + Bat TWyy + Bs: TTyy,
J
+ Z 05t Dw,im.j + Z Nt Dtk + Zgz_g%,t 1(t,, = t+s)
j=1 k

+ Ein- (A2)

All variables are as defined in equation (A.1) above. The subscript ¢ on all § and § co-
efficients indicates that the hedonic surface is allowed to shift each month: implicit prices
of floor space, building age, transit access, and location evolve smoothly as the 13-month
window rolls forward. The quadratic term in building age A? replaces the piecewise-linear
spline of Appendix D (equation (D.12)), providing a parsimonious approximation to the non-
constant depreciation schedule documented by Diewert and Shimizu (2015) and discussed in
Section F.8. This procedure yields 467 monthly regressions (¢ = 1986-2025) (trimming the
first and last six months where the full window is unavailable), with typical within-window
sample sizes of 8,000-15,000 for sales and 10,000-25,000 for rentals. The overlapping-window

design has three key advantages: (i) implicit characteristic prices Bt are allowed to evolve
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smoothly, capturing structural shifts in hedonic valuations; (ii) the large within-window sam-
ple ensures stable OLS estimation even in thinner-market periods; and (iii) compositional
shifts—changes in the mix of properties listed in a given month—are absorbed by hedonic

controls rather than contaminating the index.

Coefficient stability. Table F.10 reports the pooled estimates alongside the mean, stan-
dard deviation, minimum, and maximum of the 467 rolling-window estimates. Three findings

stand out.

Long-run stability. Rolling-window averages are close to the pooled estimates across all
key variables and markets. For example, the condominium price depreciation coefficient
averages —0.182 (rolling) versus —0.186 (pooled), and the station-walk coefficient averages
—0.072 versus —0.069. This stability validates the pooled estimates as reliable long-run

benchmarks.

Economically meaningful time variation. Despite closeness in averages, the rolling coefficients
exhibit meaningful variation. The standard deviation of the condominium price depreciation
coefficient is 0.029 (about 16% of the mean). This variation is not noise: it reflects genuine
structural shifts—the changing premium for transit proximity as Tokyo’s railway network
expands, and the depreciation profile shifting as the building stock ages from the bubble era

through stagnation to recent recovery.

Price versus rent dynamics. Rent coefficients show systematically smaller cross-time vari-
ation than price coefficients (e.g., standard deviation 0.037 vs. 0.078 for the floor-space
coefficient), consistent with the theoretical prediction that rents are more closely tied to
contemporaneous service flows while prices embed forward-looking expectational compo-
nents. This asymmetry is precisely the property that the DLSI framework is designed to

capture.

A101



Table F.10: Rolling-Window Hedonic Estimates: Coefficient Summary across 467 Windows, Tokyo
1986-2025

Coefficient Mean SD Min Median Max

Condominium prices

Bms (floor space)  0.758 0.031  0.671  0.761  0.843
BA (building age) —0.0030 0.0004 —0.0042 —0.0029 —0.0019
BTW (walk) —0.0139 0.0021 —-0.0198 —0.0137 —0.0081
Brr (commute)  —0.0096 0.0018 —0.0143 —0.0094 —0.0052

New-lease rents

B]ns (floor space) 0.623 0.022 0.571 0.624 0.683
BA (building age) —0.0023 0.0003 —0.0031 —0.0023 —0.0015
BTW (walk) —0.0158 0.0018 —0.0207 —0.0157 —0.0110
BTT (commute) —0.0089 0.0014 —0.0127 —0.0088 —0.0056

467 rolling windows of 13 months each, 1986-2025. Small SDs confirm structural stability of the hedonic
surface.

F.4 Index Construction, Deflation, and the P/R Ratio

Prediction at standard characteristics. The quality-adjusted price index for month ¢ is
obtained by evaluating the fitted hedonic surface at fixed “model condominium” characteristics—
60 m? floor space, 10-year-old building, 5-minute walk to nearest station, 20-minute commute
to the Otemachi CBD, Shinjuku Ward, RC structure—chosen to represent a typical mid-

market unit in the Tokyo core:

In PO (1) = G4 + Bl,t In(60) + BZt(lO x12) + B?Mt(lo x12)”

+ B4,t(5> + B5,t(20) + SShinjuku,t + MRt (A.3)

The rent index In R"™(t) is constructed analogously from the rental hedonic estimates.

Index normalisation. All price and rent series are expressed in nominal terms through-
out this paper. No deflation by the general CPT is applied to the series used in FUC con-
struction. This choice ensures internal consistency between the nominal appreciation rate

7¢ = Aln PP (t) and the nominal financing rate r{ (A): both enter the FUC formula in nom-
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inal terms, so the resulting user cost is also a nominal rate. Each series is normalised so that
its 2020 annual mean equals 100: P () = PHnom(¢) / PH % 100 and analogously for R(t).
Researchers who prefer a real-terms presentation may deflate both P and R by a common
CPI deflator, replace the nominal financing rate with a Fisher-adjusted real rate, and obtain
identical user cost rates; the nominal and real formulations are equivalent for the purpose of

computing the FUC index level.

Annualized P/R ratio. The annualized price-to-rent ratio, which enters the FUC diag-
nostic, is:

P/R(t) = P"(t) / (12 x R™(t)), (A.5)

where R™°(t) is the monthly rent index and the factor of 12 annualizes. The choice of

new-lease (rather than incumbent) rents for R™°(¢) is discussed below.

F.5 Quality-Adjusted Price and Rent Indices: Summary

The rolling-window hedonic methodology described above produces two key series: the
quality-adjusted price index P (t) and the new-lease rent index R"Y (), together with the
price-to-rent ratio P (t)/R,(t) where R,(t) = 12R"*"(t) is the annualised rent. Over the full
sample the price index exhibits three large cycles (the late-1980s bubble, the Abenomics-era
partial recovery, and the post-pandemic surge), while the rent index follows a smooth, nearly
monotone trajectory—a contrast that is the empirical foundation of the welfare—investment
layer divergence analysed in the main text. The price-to-rent ratio rises to a peak of ap-
proximately 62.6 during the bubble and falls below 20 during the deflation of the 1990s;
at the bubble peak the implied gross yield (1/62.6 ~ 1.6%) lies far below any plausible
carry cost, confirming that appreciation expectations rather than service-flow fundamentals
drove valuations, while the deflation-era ratio of approximately 18 implies a gross yield of

~ 5.6%—above carry costs—consistent with the consumption-dominant regime in which the
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welfare layer alone suffices.

F.6 New-Lease Rents versus Incumbent Rents

Institutional background. Under Japan’s Land and Building Lease Act (Shakuchi-Shakka
Ho), landlords face significant legal constraints on raising rents for sitting tenants. A rent
increase within an existing contract requires either tenant consent or a court determination
that the current rent is “unreasonably low” relative to market comparables, taxes, and op-
erating costs. In practice, this means that incumbent (continuing-contract) rents adjust far

more slowly than market conditions warrant.

Empirical magnitude of the divergence. The gap is quantitatively large. During the
1990s price collapse, new-lease rents declined by approximately 30% from peak to trough,
while the official OER (which largely reflects incumbent rents) fell by only about 10%.
Conversely, during the post-2013 appreciation episode, new-lease rents rose by roughly 40%
while imputed-rent series barely moved. This divergence has direct implications for the
DLSI: the welfare layer uses new-lease rents as the timelier proxy for the shadow price of
housing services at the margin, and the FUC diagnostic uses the annualized new-lease rent as
the equilibrium condition. Using incumbent rents would introduce a two-to-three year lag in
regime detection, materially distorting the timing of the Necessary Regime entry identified

in Section 4.

Theoretical justification. For the no-arbitrage equilibrium identity R(t) = PH(t) -
FUC(t), the relevant R(t) is the marginal price at which one additional unit of housing
services trades in a frictionless rental market. Diewert and Shimizu, Section 16, establish
that only new-contract (market) rents—not sticky rollover rents— represent the current op-
portunity cost of owner-occupying, and therefore only new-lease rents are the appropriate

input into a rental-equivalence CPI or the OC formulation. This recommendation is reflected
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directly in our use of the Recruit new-lease series. New-lease rents—being negotiated at the
time of contract under current market conditions—are a far closer proxy for this marginal
price than incumbent rents, which embed contract-specific rigidities unrelated to current

market equilibrium.

F.7 Advantages of the Rolling-Window Hedonic over Repeat-Sales

The repeat-sales (RS) method of Case and Shiller constructs price indices from properties
that transact at least twice. While powerful for markets with high transaction frequency,

RS has three material disadvantages in the present setting.

Coverage. In the Tokyo condominium market, the average holding period is approximately
12 years. Only a small fraction of properties transact multiple times within the sample period,
introducing selection bias toward more frequently traded (typically smaller and centrally
located) units. In the rental market, repeat observations are essentially nonexistent—the RS
method cannot be applied at all, making it impossible to construct a rent index on the same

methodological footing as the price index.

Timeliness. Shimizu, Nishimura and Watanabe show that the rolling-window hedonic index
identifies turning points approximately 6—12 months earlier than an RS index constructed
from the same Tokyo data. For the regime-transition dating in Section 5 (PSY diagnostics),
this timeliness advantage is economically consequential: a 6-month delay in detecting the
1990 peak or the 2013 onset would misclassify a non-trivial number of months as Fundamental

rather than Necessary Regime.

Synchronized price-rent pair. The rolling-window hedonic produces price and rent indices
from the same hedonic surface, the same micro-data source, and the same quality characteristics—
ensuring that the P/R ratio measures the relative price of identical units across the ownership
and rental markets. The RS method provides no counterpart for rents, so a P/R ratio com-

bining an RS price index with any available rent index necessarily mixes incompatible quality
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populations. The synchronized pair produced by our methodology is a precondition for the

FUC calibration in Appendix E (Section E.6).

F.8 Estimation of the Structure Depreciation Rate

A key parameter in the user cost formula u; = r;+c—nf is the carrying cost rate ¢ = d+7+m,
where ¢ is the annual rate at which the structure component of a dwelling loses value. A
fundamental principle—developed formally in Online Appendix B.3 and Appendix D—is
that depreciation applies only to the structure, not to the land. Because a dwelling’s total
value V; consists of a land component P, L and a structure component Pg;(1 — 5)‘45 , where
A is building age in years, the user cost must be computed on the basis of separate land and
structure price dynamics. In the simplified user cost formula used in the baseline empirical
analysis of this paper, we apply a single carrying cost rate to total property value and
accordingly set 0 equal to the structure depreciation rate estimated from the hedonic data,

understanding that this rate pertains exclusively to the structure share of property value.

Evidence from the hedonic literature on Tokyo. Two studies by the present authors
provide direct estimates of the structure depreciation rate from Tokyo transaction data, and

their results form the primary empirical basis for the calibration adopted in this paper.

Diewert and Shimizu (2015). Using the builder’s hedonic regression model applied to
5,578 sales of single-family houses in the 23 wards of Tokyo over 2000Q1-2010Q4, Diewert
and Shimizu (2015) estimated the annual net straight-line structure depreciation rate—that
is, gross physical deterioration less average renovation expenditure—from the cross-sectional
age—price profile.” Their simplest model (Model 1) yielded § = 1.39% per year (t = 26.8).

Allowing the depreciation schedule to be a piecewise linear (spline) function of building age—

"I'The depreciation rate is a net rate because the building-age variable captures the combined effect of
physical ageing and any renovations carried out over the building’s life. Since information on renovation
expenditures is not available in the transaction data, the estimated coefficient reflects the net reduction in
structure value attributable to ageing; see Diewert and Shimizu (2015, p. 1663, footnote 10).
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with breakpoints at 10 and 20 years—the estimates became markedly non-constant across

the life cycle:

01 = 2.47% (age 0-10), &y = 1.59% (age 10-20), b5 = 0.32% (age 20-50) (F.1)

(Model 2; t-statistics 13.0, 10.2, and 2.4 respectively). The finding that the marginal depre-
ciation rate declines sharply after age 20 is consistent with a survivor-bias interpretation:
structures that remain standing beyond 20 years have typically been extensively renovated,
so the observed net depreciation rate approaches zero. The preferred models (Models 4
and 5), which additionally control for transit access and ward-level land price variation,
yield estimates of oy ~ 2.1-2.2% for new and recently built structures, broadly consistent

across specifications.

Diewert and Shimizu (2016). Applying the builder’s model with geometric (declining-
balance) depreciation to 3,232 condominium sales in 9 central Tokyo wards over 2000Q1-
2015Q1, Diewert and Shimizu (2016) estimated the annual geometric structure depreciation
rate jointly with the land and structure price components. Geometric depreciation—in which
the structure retains a fraction (1 — §) of its value each year, so that a building of age A has
structure value Bpg;(1 — §)4S—is the standard specification in capital theory, as developed
by Jorgenson (1963) and Diewert (1974), and is adopted in the present paper. The estimates

across models were tightly clustered:

6 = 3.61% (Section 12), & = 3.67% (Section 11), & = 3.49% (Section 13) (F.2)

(t-statistics 28.9, 27.1, and 28.2 respectively). These estimates are higher than those of
Diewert and Shimizu (2015) for two reasons. First, condominium structures—typically re-
inforced concrete (RC) high-rise buildings—exhibit faster physical deterioration per unit of

floor space than detached single-family houses, which are often wood-frame construction.™

"2The geometric depreciation rate of approximately 3.6% for Tokyo condominiums is broadly consistent
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Second, the geometric model places proportionally more weight on the depreciation of newer
structures (where age effects are largest) relative to the piecewise-linear model of Diewert

and Shimizu (2015), which allows the rate to taper off for older buildings.

Evidence from the rolling-window hedonic in this paper. The rolling-window he-
donic regression described in Section F.3 above provides a third, directly applicable estimate
of the depreciation rate for the present study. The pooled regression (Table F.9) yields a
coefficient on building age (measured in months) of —0.186 per 100 months for condominium

prices. Converting to an annual rate:
Sthis paper = 0.186 x 12 = 2.23% per year (pooled) (F.3)

The average across the 467 rolling-window regressions (Table F.10) is 0.182 x 12 = 2.18%,
with a standard deviation across windows of 0.029x 12 = 0.35%. The cross-window minimum
and maximum are 1.30% and 2.84%, confirming that the depreciation rate is stable over time
with modest cyclical variation. Note that this estimate, like that of Diewert and Shimizu
(2015), is a net rate because the building-age coefficient in a hedonic regression cannot

distinguish between gross physical decay and renovation-driven quality improvements.

Calibration adopted in this paper. Table C.7 summarises the three sets of estimates

and contextualises the calibration adopted in this paper.

We adopt § = 0.020 (2.0% per year) as the baseline calibration for all user cost calculations

in this paper. This choice is motivated by four considerations.

1. Consistency with the rolling-window hedonic. The estimate from the same dataset

with benchmarks from other countries. Official Bureau of Economic Analysis (BEA) geometric depreciation
rates for US residential structures range from 2.3% to 3.2% per year, and Geltner and Bokhari (2015) estimate
a net depreciation rate of 3.9% per year for US apartment buildings; see Diewert and Shimizu (2016, p. 311,
footnote 51).
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and rolling-window methodology as the price and rent indexes in this paper yields

2.18-2.23%, of which 6 = 0.020 is a conservative rounding.

2. Net vs. gross depreciation. The hedonic estimates are net rates. Homeowners in Japan
maintain their properties intensively relative to landlords (§¢ < §%; see Appendix B.2),
and the net rate is the appropriate concept for the owner-occupier user cost. A gross
rate would require an estimate of average annual renovation expenditure, which is not

available in the transaction data.

3. Consistency with national accounts. The Japanese System of National Accounts implies
an aggregate depreciation rate for RC residential structures of approximately 2.0%,

providing an external cross-check.

4. Conservatism relative to the condominium estimate. The higher estimate of Diew-
ert and Shimizu (2016)—approximately 3.6% for condominiums under the geometric
model—reflects the faster deterioration of high-rise RC structures and possibly a higher
renovation frequency in older buildings. Because our 40-year panel includes a large pro-
portion of buildings at all stages of the age distribution (including post-renovation units
whose hedonic quality is higher than a naive age adjustment would imply), we prefer
the more conservative estimate to avoid overstating the carrying cost component of the

user cost.

Sensitivity analysis setting 06 = 0.018 and § = 0.022 (a 0.2 percentage-point band around
the baseline) is reported in the empirical analysis of the main paper. Since du,; /9§ = 1 (the
user cost rate is linear in d), a change of £0.2 percentage points in 0 shifts the user cost rate
by exactly 0.2 percentage points in every period, and the qualitative pattern of the results

is unaffected.
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G Supplementary Empirical Results

This appendix presents supplementary tables and figures that complement the empirical
analysis in Sections 4 and 5 of the main text. Each item is discussed in detail, with explicit
cross-references to the main-text passages that it supports. The material is organised to
follow the order of the main-text narrative: Section G.1 documents the HP-filter estimation
of expected appreciation and the resulting FUC rate series (Section 4.2); Section G.2 expands
on the index-level comparison (Section 4.3); Section G.3 provides the complete negative user
cost diagnosis (Section 5.1); Section G.4 documents the FUC financing-structure spread
(Section 4.5); Section G.5 gives the full regime-classification results (Section 5.3); Section G.6
presents the complete UC rate panel (Sections 4.3-4.5) together with the OC series; and

Section G.7 reports the depreciation sensitivity analysis (Section 5.4 and 5.4).

G.1 Estimation of User Cost: Smoothing of Expected Appreciation

A central challenge in constructing any user cost-based measure of owner-occupied housing
(OOH) services is the estimation of expected capital appreciation m§, which enters the user

cost formula with a coefficient of —1:
_.f e
u =1; (\) +c—myp.

Because 7y is unobservable, it must be inferred from the history of the quality-adjusted
price index PH(t). The standard approach in the literature—and the one adopted in this
paper—is the Hodrick—Prescott (HP) filter applied to In P (¢) with the monthly smoothing
parameter A = 129,600 (Ravn and Uhlig, 2002). The expected appreciation series is then

e = A@(t) x 12 (annualised).

This section documents the robustness of the HP-smoothing choice (Figures G.7 and G.8)

and presents the resulting FUC rate series together with the new-contract rent-to-price ratio
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that serves as the floor of the OC approach (Figure G.9).

HP Filter: Choice of Smoothing Parameter

The HP filter with A = 129,600 is the Ravn-Uhlig (2002) recommendation for monthly data,
derived by scaling the standard annual value of 1,600 by 12*. Three alternative values are
considered to assess robustness: the baseline A = 129,600, a more flexible A = 64,000, and a
smoother \ = 256,000. Figure G.7 plots the resulting trend series ﬁP\H(t) under all three
specifications. Figure .8 shows the annualised first differences—the expected appreciation

series m;—that are fed directly into the FUC formula.

The key finding is that the sign and approximate magnitude of 7y are robust across all three
smoothing parameters: the Bubble episode (1987-90) is characterised by strongly positive
m¢ under all specifications, the Deflation episode (1993-2003) by strongly negative 7§, and
the Low-rate and Recent episodes by moderate positive my. The level of 7y differs somewhat
across specifications at the Bubble peak and during the post-2013 appreciation, but these
differences affect only the level of the FUC rate—mnot its sign or the regime classification—
and are of secondary importance relative to the cross-episode variation that constitutes the

paper’s main empirical finding.

The Smoothing Trilemma

The HP-filter approach to estimating 7 involves a smoothing trilemma: a higher X reduces
the volatility of 7f, which reduces the incidence of negative user costs (Section 5.1 of the
main text), but at the cost of making the expected appreciation series less responsive to
genuine changes in the house price trend. A lower A produces a more responsive series but
increases the frequency of negative user costs, since short-run price volatility is more likely
to push 7y above the financing threshold 7{()\) + ¢. The baseline A = 129,600 represents the

Ravn-Uhlig benchmark that balances these competing considerations for monthly data.
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FUC Rate Series and Rent-to-Price Floor

Figure G.9 plots the complete FUC rate series for Types A, B, and C over the full 1986-2025
sample, together with the new-contract rent-to-price ratio RY /P (right axis). This figure
synthesises the main empirical messages of the paper: (i) the three FUC type series move
in strict parallel, separated by the constant 0.45 pp A—B and B—C spreads documented in
Section G.3 (formerly G.3); (ii) the FUC turns negative during the Bubble (shaded) and
briefly in 2015-20; and (iii) the rent-to-price ratio provides a strictly positive floor that the

OC approach uses to guarantee non-negative values throughout.
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Figure G.7: HP trend robustness: In P (t) trend under A\ = 64,000, 129,600, and 256,000. The
baseline smoothing parameter A = 129,600 (Ravn and Uhlig, 2002, for monthly data) produces a
trend that closely tracks the decadal asset-price cycle without over-fitting to month-to-month fluc-
tuations. The two alternative values bracket the baseline: 64,000 yields a more flexible trend that
follows the medium-term cycle more closely, while 256,000 produces a smoother trend that empha-
sises only the secular long-run appreciation path. The three trends are nearly indistinguishable for
the 1993-2013 period but diverge at the Bubble peak (1990) and during the post-2013 appreciation,
where the choice of A affects the inferred level of expected appreciation ¢ and hence the level (but
not the sign or ranking) of the FUC rates reported in Table 4 of the main text.
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Figure G.8: Annualised expected appreciation my (HP-smoothed) under alternative smoothing
parameters \, Tokyo 1986-2025. The sensitivity of 7f to the choice of A is concentrated in the
extreme episodes. During the Bubble (1987-90), the baseline A = 129,600 yields 7§ averaging 14.88
per cent per annum; the lower value A = 64,000 gives a slightly higher peak, while A\ = 256,000
moderates it. The qualitative conclusion—that expected appreciation far exceeded the financing
cost during the Bubble, driving user costs negative—is robust across all three smoothing parameters.
Similarly, the Deflation-episode negative 7y and the post-2013 positive nf are robust in sign and
approximate magnitude. This robustness supports the main text’s claim that the negative user cost

problem (Section 5.1) and the regime classification (Section 4.3) are not artefacts of the particular
HP smoothing choice.
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Figure G.9: Basic User Cost and Financial User Cost (Types A, B, and C) rates (% p.a.) and
new-contract rent-to-price ratio, Tokyo 1986-2025. Grey shading indicates months with u{ B <0
(investment regime with negative FUC, Type B baseline). This figure is the time-series counterpart
to Table G.2 of this appendix and Table 5 of the main text. Three features are visually apparent.
First, the FUC rates for all three types move in strict parallel—separated by the constant 0.45 pp
A—B and B—C spreads throughout the sample—confirming the theoretical prediction of Appendix E
(equation E.12) and Table G.3. Second, the negative shading concentrates in the Bubble episode
(1987-90) and reappears briefly in 2015-20, matching the episode-level statistics in Table G.2.
Third, the rent-to-price ratio (right axis, dotted) serves as the floor at which the OC approach
switches from coinciding with FUC to coinciding with R™: whenever the FUC rate approaches or
crosses zero, the rent-to-price ratio is the binding constraint.
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G.2 Index Levels by Approach and Episode

Table G.11 reports the episode-mean monetary index levels for all ten measurement series
(eight OOH approaches plus the new-contract rent and the official CPT OOH), normalised
so that the 2020 annual mean equals 100. Figure G.10 plots the corresponding time series:
Panel A shows annual user cost rates and Panel B shows monetary index levels across the

full 19862025 sample.

Connection to the main text. Section 4.3 of the main text introduces Table G.11 and Figure 1
to document the extraordinary range of measured values and establishes the central empirical
finding that the acquisitions and user-cost approaches move in opposite directions across the
asset-price cycle (equation 3.19). The full index-level panel in Table G.11 provides the

complete numerical evidence underlying those claims.

Detailed analysis. The most striking feature of the table is the contrast between the Bubble
episode (1987-90) and the Deflation episode (1993-2003), which spans the full range of Tokyo

housing-market conditions over four decades.

During the Bubble episode, the acquisitions index averaged 118.0 (slightly above the 2020
base), while the FUC Type B index averaged —143.7—a gap of 261.7 index points. This gap
is not a modelling artefact: it reflects the sign reversal implied by du//0r¢ = —1 against
OPH /On¢ > 0 in equation (3.19). When HP-smoothed expected appreciation averaged 14.88
per cent per annum—more than doubling the mean prime rate of 6.17 per cent—the user
cost formula subtracted a large positive quantity from the financing cost, producing a deeply
negative monetary user cost. The Payments approach (Type B) averaged 264.9 during the
same period, reflecting the fact that nominal mortgage rates and asset prices were simulta-
neously elevated, imposing a genuine cash-flow burden on new purchasers that the user cost
formula obscures when expected capital gains are large. The new-contract rent index (87.7)
and official CPT OOH (90.8) were closely aligned and well below the 2020 base, reflecting the

stickiness of incumbent leases during the bubble: landlords were reluctant to raise existing
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rents even as new-contract rents in the rapidly appreciating market edged higher.

During the Deflation episode, the pattern reversed completely. The FUC Type B index
averaged 532.9—the highest value of any approach in any episode—while the acquisitions
index fell to 69.1. The gap of 463.8 index points is larger than in the Bubble, reflecting the
amplifying role of the —7.14 per cent expected appreciation: as asset prices fell, the user cost
formula added a large positive quantity to the financing cost (which itself was modest at
2.78 per cent prime), producing an extreme shelter cost for potential new owner-occupiers.
The official CPT OOH, however, averaged 106.4—the highest value of the series—because
sticky incumbent rents, adjusted slowly downward under deflationary pressure, temporarily
exceeded the 2020 base level. This divergence between the OC-consistent cost (represented by
FUC B and OC B) and the official CPT OOH is the central measurement failure documented

in the main text.

The Low-rate (2014-20) and Recent (2021-25) episodes show convergence across ap-
proaches relative to the extreme episodes, but important differences remain. In the Low-rate
period, all index levels were clustered near the 2020 base (FUC B: 50.1; acquisitions: 91.5),
reflecting the equilibrating effect of near-zero interest rates and moderate appreciation. In
the Recent period, the acquisitions index rose to 117.6—almost identical to its Bubble-era
average—signalling that post-pandemic appreciation had returned asset prices to bubble-
era territory, while the FUC B index (43.9) remained far lower, suggesting that the actual

cost-of-shelter was still moderate by welfare-layer standards.

G.3 Negative User Cost: Leverage-Type Breakdown

Table G.12 disaggregates the incidence of negative FUC rates by leverage type (Types A,
B, and C) across all four market episodes. It supplements Table 5 of the main text, which

reports the full negative-value diagnosis including Basic UC variants and the OC resolution.
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Figure G.10: Panel A: Annual user cost rates (% p.a.) by measurement approach, 1986-2025.
Panel B: Monetary cost indices (2020 = 100) for all approaches. The extraordinary amplitude of the
Basic UC series (Panel A) relative to the FUC variants reflects the additional smoothing provided
by the HP filter applied to expected appreciation; both turn negative during the Bubble and reach

extreme positive values during the Deflation.
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Table G.11: Index Levels by Measurement Approach and Market Episode (2020 = 100)

Approach Bubble Deflation Low-rate Recent  Full
Acquisitions (PH) 118.0 69.1 91.5 1176 859
Payments A (A = 0.20) 192.4 85.8 91.7 125.1 105.9
Payments B (A = 0.50) 264.9 102.1 91.9 1324 1253
Payments C (A = 0.80) 312.2 112.8 92.0 137.1 138.0
Basic UC (HP-smoothed) —531.6 1220.3 —11.3 —654 415.5
FUC Type A (A = 0.20) —974 450.8 57.4 56.9 195.2
FUC Type B (A =0.50) —143.7 532.9 50.1 43.9 218.7
FUC Type C (A =0.80) —215.3 659.9 38.7 23.7 255.1
R™Y (rent) 87.7 89.0 94.8 104.8 928
Official CPI OOH 90.8 106.4 99.9 100.8 101.2

Note: Episode-mean index levels; 2020 = 100. Basic UC and FUC monetary indices may be negative when
the user cost rate is negative (see Table G.12).

Connection to the main text. Section 5.1 of the main text documents the negative user
cost problem and establishes (via Table 5) that the OC approach eliminates negative values
entirely. Table G.12 provides the FUC-specific breakdown that supports the main text’s
statement that “the FUC turned negative in 68.8-72.9 per cent of Bubble-episode months
depending on the leverage type” and the related claim that leverage type modulates but does

not eliminate the negative-value problem.

Detailed analysis. The table reveals three patterns that reinforce the main text’s theoretical

analysis.

First, the incidence of negative FUC values is monotonically increasing in A (higher leverage)
within every episode. This reflects the structure of the FUC financing rate r/ (A) = A" +
(1 — A)ré: since p© > p™ (2.0% vs 0.5%), a higher debt share reduces 7/ (\) and thus lowers
the threshold at which 77 causes u,{ to turn negative. Formally, Om;" /O = p™ — p® < 0
(from equation E.14): higher-leverage households face a lower threshold, so negative values

arise more readily.

Second, the episode pattern confirms the theoretical prediction that negative values are a

Bubble-period phenomenon driven by extreme expected appreciation, not by low interest
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rates per se. During the Deflation episode, negative FUC values are entirely absent across
all leverage types, despite the low nominal prime rate (2.78% average): the negative expected
appreciation of —7.14% per annum raised the user cost well above zero for all types. During
the Low-rate episode, negative values re-appear for Type B (28.6%) and Type C (38.1%)—
but not for Type A (4.8%)—because the moderate appreciation of 4.61% per annum was
sufficient to push the lower threshold of more leveraged types below zero, while Type A’s

higher equity-dominated financing rate provided a larger buffer.

Third, the Recent episode (2021-25) reveals an important asymmetry between high-leverage
and low-leverage households. Type C experiences negative values in 35.0% of recent months,
while Types A and B record zero negative months. This reflects the post-pandemic apprecia-
tion of 5.34% per annum intersecting with a relatively low prime rate (1.51%): the financing
threshold for Type C is sufficiently low that appreciation occasionally exceeds it, while the
higher thresholds of Types A and B provide a cushion. This asymmetry carries direct dis-
tributional implications: highly leveraged recent purchasers in the post-2021 Tokyo market
face a user cost near zero or negative, while equity-financed or low-leverage purchasers still

face a positive—and meaningful—cost of capital.

Table G.12: Share of Months with Negative FUC Rate (%)

Bubble Deflation Low-rate Recent Full

FUC Type A (A = 0.20) 68.8 0.0 4.8 0.0 10.0
FUC Type B (A = 0.50) 70.8 0.0 28.6 0.0 144
FUC Type C (A = 0.80) 72.9 0.0 381 350 21.0

Note: Negative FUC rate defined as u{’j < 0. FUC uses HP-smoothed expected appreciation
(Agp = 129,600). See Table 5 of the main text for the full diagnosis including Basic UC variants and the
OC resolution.
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G.4 The FUC Financing-Structure Spread

Table G.13 documents the FUC rates by leverage type and episode, alongside the financing-
structure spread between types. Figure G.11 plots the time series of FUC rates (Panel A)

and the constancy of the spread (Panel B).

Connection to the main text. Section 4.5 of the main text establishes the theoretical result
that the spread u! — uf = (Asx — Ag)(p® — p™) = 0.90 pp is strictly constant, and provides
the supporting statement that “the estimated spread uf! — u¢ has a full-sample mean of
0.9000 pp with a standard deviation of zero (to eight decimal places).” Table G.13 provides
the complete numerical basis for this claim and additionally reports the composite financing

rates z{: 7 from which the FUC rates are derived.

Detailed analysis. The table delivers three results of independent interest.

The spread 1s exactly constant. Across all four market episodes—covering the extreme condi-
tions of the Bubble, the Lost Decades Deflation, the ultra-low-rate environment of the 2010s,
and the post-pandemic appreciation—the A—B and B—C spreads each remain at exactly
0.45 pp and the A—C spread at exactly 0.90 pp. This perfect constancy is a testable predic-
tion of the FUC framework (Appendix E, equation E.12) and its empirical confirmation—to
the precision of the data—validates the internal consistency of the Tokyo calibration. No
amount of interest rate variation, expected appreciation volatility, or structural change in
the market can alter the spread, because it depends only on fixed parameters: the leverage

differential AX = 0.60 and the premium differential p* — p™ = 0.015.

The level of the spread is economically significant. The 0.90 pp spread between the least
and most leveraged types represents approximately 30 per cent of the mean rent-to-price
ratio of 2.97% over the full sample. A household financing its dwelling entirely via equity
(Type A) faces a shelter cost in excess of 5.72% per annum on average, while a highly

leveraged household (Type C) faces 4.82%—a gap that compounds substantially over the
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typical multi-decade ownership horizon. In the Low-rate episode, the gap (1.52% vs 0.62%,
or 0.90 pp) represents a 145% relative premium for the equity-financed owner over the debt-
financed owner. This distributional dimension of OOH measurement is invisible in any single-
rate index and supports the main text’s case for leverage-differentiated FUC sub-indices as

Step 3 of the NSO implementation roadmap.

The composite financing rates reveal the interest-rate channel. The full-sample mean com-
posite financing rates (4.39%, 3.94%, 3.49% for Types A, B, C) all exceed the mean prime
rate (2.69%) by their respective financing premiums (1.70, 1.25, 0.80 pp). These premiums—
the equity risk premium and mortgage intermediation spread—are not directly observable in
any official interest rate series, but they are economically real costs that equity-rich house-
holds forego and borrowing households pay. Their inclusion in the FUC distinguishes the
FUC from the Basic UC (which uses only the prime rate) and from the Payments approach

(which uses only the mortgage interest component).

Table G.13: FUC Rates and Financing-Structure Spread by Episode (% p.a.)

Bubble Deflation Low-rate Recent Full

FUC Type A (A = 0.20) —3.61 15.02 1.52 1.27 5.72
FUC Type B (A =0.50)  —4.06 14.57 1.07 082 5.27
FUC Type C (A = 0.80)  —4.51 14.12 0.62  0.37 4.82
Spread A—B (pp) 0.45 0.45 0.45 0.45 0.45
Spread B—C (pp) 0.45 0.45 0.45 0.45 0.45
Spread A—C (pp) 0.90 0.90 0.90 0.90 0.90
i{’A (composite rate) 4.39
iic’B (composite rate) 3.94
i{’c (composite rate) 3.49

Note: FUC rate = zt I 4+ ¢ —m¢. Spread is constant by construction:
(Aa — o) (p® — p™) = 0.60 x 0.015 = 0.90 pp. Financing premium: Type A 1.70 pp, Type B 1.25 pp,
Type C 0.80 pp above the prime rate.
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Panel A: FUC rates by leverage type
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Figure G.11: FUC rates and financing-structure spread, Tokyo 1986-2025. Panel A: FUC rates
(% p.a.) for Types A, B, and C. The three series move in strict parallel, separated by a constant
0.45 pp gap at every date, confirming the theoretical prediction of Appendix E (equation E.12).
Panel B: The spread A—B and B—C (both 0.45 pp) and A—C (0.90 pp), plotted over the full
sample; the flatness of the spread series across four decades of extreme market variation illustrates
the structural nature of the financing-heterogeneity channel.
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G.5 Regime Classification: Full Results

Table G.14 provides the complete regime-classification results for the baseline FUC Type B,
reporting for each episode the share of months in the investment regime (FUCp < R™) and
the capital-cost regime (FUCp > R"), as well as the share of months with a negative FUC

rate.

Connection to the main text. Section 4.3 of the main text presents Figure 4 (the regime
classification plot) and provides the detailed episode-by-episode narrative of the regime tran-
sitions. Table G.14 supplies the precise numerical basis for those narratives and completes

the picture for the full-sample row that is not explicitly discussed in the main text.

Detailed analysis. The regime classification makes the welfare-investment layer divergence

concrete and episodically precise.

During the Bubble episode (1987-90, N = 48 months), 75.0% of months were classified
as investment regime: the FUC rate was below the new-contract rent rate in three out of
every four months, confirming that the dwelling was a financially superior alternative to
renting from the perspective of a marginal purchaser. The remaining 25.0% of months were
in the capital-cost regime, during which expected appreciation—while still positive—had not
fully offset the carrying cost. The 70.8% share of months with negative FUC (Table G.12) is
slightly less than the 75.0% investment-regime share, because the investment regime requires
only FUCp < RY (which can be satisfied even when FUC is moderately positive, as long as
it remains below the prevailing rent rate), while a negative FUC requires that the user cost

rate itself turns negative.

During the Deflation episode (1993-2003, N = 132 months), the regime reversed dramat-
ically: 93.9% of months were classified as capital-cost regime. This is the strongest regime
signal in the sample and underscores the asymmetry of housing market dynamics: bubbles

are associated with investment-regime dominance, but they are followed by an even more
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protracted capital-cost regime as deflation compounds the carrying cost burden. The 0.0%
negative-FUC share confirms that the OC approach in this episode simply coincided with
the FUC: with no negative user costs to replace, the OC equalled the FUC throughout the

Deflation.

The Low-rate (2014-20) and Recent (2021-25) episodes both show 100% investment-
regime classification, but with different character. In the Low-rate episode, the near-zero
prime rate and moderate appreciation collectively suppressed the FUC below the rent rate
in every month, but with 28.6% of months recording a negative FUC, the margin was some-
times thin. In the Recent episode, the stronger appreciation (5.34% per annum) again drives
investment-regime classification throughout, but the positive prime-rate trajectory (1.51%
average, rising toward 2025) provides a natural floor that keeps the Recent episode’s dynam-

ics more moderate than the Bubble.

The full-sample row (55.0% investment, 45.0% capital-cost) reflects the averaging across
these four sharply contrasting regimes and the transitional periods between them. It should
be interpreted as a structural description of the Tokyo market rather than a stationary
probability: the two regimes are not randomly distributed across the 480 months but are
serially clustered into multi-year episodes whose transitions are linked to interest-rate cycles
and asset-price dynamics.

Table G.14: Regime Classification: Opportunity Cost Approach, FUC Type B (A = 0.50)

Episode N Investment Capital-cost FUCp < 0 (%)
Bubble (1987-90) 48 75.0% 25.0% 70.8%
Deflation (1993-03) 132 6.1% 93.9% 0.0%
Low-rate (2014-20) 84 100.0% 0.0% 28.6%
Recent (2021-25) 60 100.0% 0.0% 0.0%
Full sample 480 55.0% 45.0% —

Note: Investment regime: FUCp < RY. Capital-cost regime: FUCg > RN. FUCp < 0: share of months
with negative user cost rate u{ B, Full-sample NV = 480 includes transitional periods not assigned to a

named episode.
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G.6 Complete User Cost Rate Panel

Table G.15 provides the complete annual user cost rate panel for all nine approaches across
the four market episodes and the full sample. Figures .12 and G.13 present the time-
series detail for the acquisitions and payments approaches, respectively, with sub-component

decompositions.

Connection to the main text. Table 4 of the main text presents an identical table. Ta-
ble G.15 here is retained in the supplementary appendix to serve as the single, complete
numerical reference that readers can use when tracing the main-text narrative across multi-
ple passages—for example, when the main text quotes “14.57 per cent” (FUC B, Deflation)
or “21.56 per cent” (acquisitions, Bubble) without requiring the reader to locate the specific

row of Table 4.

Detailed analysis: acquisitions approach (Figure G.12). Figure G.12 plots the acquisitions
index PH (Panel A) against the official CPI OOH, and the annualised log-change Aln P#
(Panel B) over the full sample. Three features stand out. FEztreme amplitude: The acqui-
sitions rate swings from +21.56% per annum (Bubble) to —7.35% (Deflation)—a range of
28.91 percentage points within the span of two decades. No other approach exhibits volatil-
ity of this magnitude. Procyclicality: The acquisitions rate is highest exactly when the
welfare-consistent FUC rate is most negative (Bubble) and lowest (negative) exactly when
the FUC rate is highest (Deflation). This confirms the welfare-investment layer divergence
(equation 3.19) and underscores the main text’s argument that the acquisitions approach
is “the approach most prone to procyclical mismeasurement” (Section 1). CPI gap in the
Recent episode: In the post-2021 period, the acquisitions index averaged 117.6 against the
official CPI OOH of 100.8—a gap of 16.8 index points—indicating that asset-price appre-
ciation has once again outpaced the official shelter-cost measure, replicating the directional

signal (though not the magnitude) of the Bubble episode.

Detailed analysis: payments approach (Figure G.13). Figure G.13 plots the payment rates
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(Panel A), the payment monetary indices (Panel B), and the sub-component decomposition
for Type B (Panel C). The payments approach is the only OOH measure that is always
positive and anchored to observable cash flows (mortgage interest plus property tax), making
it operationally attractive for statistical agencies. However, its fundamental limitation—
ignoring expected capital gains—is visible in Panel A: during the Bubble, when the welfare-
consistent cost of shelter was at its historical minimum, the payments rate for Type B stood
at 4.73% (Table 4), far above the FUC of —4.06%. Panel C illustrates the decomposition
for Type B: mortgage interest (Ag x r™ x PH) accounts for most of the variation, while the
property tax component (7 x PM) rises steadily with the asset price. The absence of an
expected appreciation term means that the payments index cannot capture the investment-

regime dynamics that are central to the OOH measurement problem.

Table G.15: Annual User Cost Rates (% p.a.) by Measurement Approach and Market Episode

Approach Bubble Deflation Low-rate Recent Full
Rent-to-price (R/P) 1.92 3.45 2.63 2.26 297
Acquisitions (A In PH) 21.56 —7.35 4.81 7.28 2.76
Basic UC (HP-smoothed)  —5.31 13.32 —-0.18 —0.43 4.02
Payments A (A = 0.20) 2.73 2.06 1.71 1.80 2.04
Payments B (A = 0.50) 4.73 3.04 2.17 240 3.00
Payments C (A = 0.80) 6.73 4.02 2.63 3.01 3.96
FUC Type B (A = 0.50) —4.06 14.57 1.07 0.82 5.27
FUC Type C (A =0.80)  —4.51 14.12 0.62  0.37 4.82
FUC Type A (A = 0.20) —-3.61 15.02 1.52 1.27 5.72

Note: Acquisitions rate = annualised A In P¥. Basic UC and FUC use HP-smoothed expected
appreciation (Agp = 129,600). Payments rate = ;7" 4+ 7 where r}* = prime + 0.005. All rates are annual
averages for the indicated episode. Episode dates: Bubble 1987:01-1990:12; Deflation 1993:01-2003:12;
Low-rate 2014:01-2020:12; Recent 2021:01-2025:12.

Figure G.14 plots the opportunity cost series OC! = max{FUC! - P#, RN} for all three
leverage types over the full sample, together with the new-contract rent RY and the official
CPI OOH. The figure provides a visual complement to Table G.14 and Figure 4 in the main

text.
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Panel A: Acquisitions approach — P"H index vs official CPl OOH
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Figure G.12: Acquisitions approach, Tokyo 1986-2025. Panel A: Quality-adjusted price index
P ys official CPT OOH (2020 = 100). The acquisitions index closely tracks the asset-price cycle,
rising to 185 at the 1991 Bubble peak and falling below 70 at the 2004 Deflation trough, while the
official CPI OOH—anchored by sticky incumbent rents—varied only between 93 and 109. Panel B:
Annualised acquisitions inflation rate Aln P? (% p.a.). The rate swings from +22% (Bubble
peak) to —16% (Deflation trough), confirming the procyclical character of the acquisitions approach
relative to the welfare-consistent cost of shelter.
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Panel C: Decomposition — Type B payments (mortgage interest + property tax)
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Figure G.13: Payments approach by leverage type, Tokyo 1986-2025. Panel A: Payment rates
Ar* + 7 (% p.a.) for Types A, B, and C. The 0.90 pp spread between Types A and C is constant
(as in the FUC), but the level is lower because the payments rate excludes the equity opportunity
cost p¢ and expected appreciation 7f. Panel B: Payment monetary indices (2020 = 100) vs official
CPI OOH. All payment indices rise during the Bubble (when asset prices and mortgage rates were
both high) and decline during the Deflation, producing a pattern broadly similar to the acquisitions
index but less volatile. Panel C: Sub-component decomposition for Type B. The mortgage interest
component (Agrf*P) accounts for the majority of variation, with the property tax component

(7PH) rising gradually as asset prices appreciate.
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Figure G.14: Opportunity cost series OC]

2015 2020 2025

max{FUC] - P, RN} for Types A, B, and C

(2020 = 100), together with the new-contract rent R and official CPI OOH, Tokyo 1986-2025. The
three OC series lie above the new-contract rent whenever the FUC monetary value exceeds the rent
(capital-cost regime), and coincide with the rent whenever the FUC is below it (investment regime).
In both regimes the OC is strictly positive, confirming the theoretical result of Section 3.4 and the
empirical finding of Table 5 in the main text (zero negative months across all 480 observations). The
spread among the three OC types narrows during investment-regime episodes—because all three
are floored at RN—and widens during capital-cost regimes, where the 0.90 pp financing-structure

spread (Section G.3) is fully operative.
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G.7 Depreciation Sensitivity and the Weight Ratio

Table G.16 examines the sensitivity of the user cost weight ratio V;2/V} to the structure
depreciation rate d, confirming the robustness of the near-unity result obtained with the

full-sample Tokyo calibration.

Connection to the main text. Section 5.4 of the main text derives the weight ratio (equa-
tion 5.2) and reports that, calibrated with full-sample Tokyo estimates (¢ = 2.87%, r* =
2.69%, 6 = 0.020), it yields V9/V{ &~ 0.99—close to unity and well below the theoretical
baseline value of 1.68 reported in Table 1. The main text notes that “sensitivity analysis
confirms the linearity of the user cost rate with respect to the depreciation rate: du;/9) = 1

in every period,” and refers to Table G.16 for the corresponding changes in V9/V}.

Detailed analysis. The weight ratio V9/V} varies only between 0.990 and 0.993 across the
range 0 € [0.018,0.022]—a change of just 0.003 for a 10% variation in the depreciation rate.
This near-zero sensitivity occurs because the weight ratio (1 + g)(r* 4+ 9)/(g + 9) is driven
primarily by the relationship between g and r*, not by the level of . When g ~ r*, as in the
Tokyo full-sample calibration (2.87% vs 2.69%), the numerator (r*+0) and the denominator
(g + 0) are nearly equal for any value of §, making the ratio insensitive to depreciation

uncertainty.

This finding supports the main text’s conclusion that the dominant source of CPI measure-
ment bias in Tokyo is the price channel (the procyclical acquisitions index and the lagging
sticky-rent CPI) rather than the weight channel (the sub-unity weight ratio that the acquisi-
tions approach assigns to housing services). Even if the depreciation rate were mis-specified
by £10%, the implied weight ratio would change by less than 0.5%, an order of magnitude

smaller than the divergences in measured price documented in Sections 4.3-4.5.

The contrast with the theoretical baseline (Table 1: V9/V9 = 1.68 at 6 = 0.020, r* = 0.030,

g = 0.010) is instructive. In the baseline calibration, the real interest rate substantially

A130



*

exceeds the long-run appreciation rate (r* — g = 2.0 pp), creating a large gap between
user-cost value and acquisitions value. In the Tokyo data, this gap has been compressed
by four decades of sustained asset-price appreciation tracking the prime rate closely. The
implication for statistical agencies in different national contexts is that the weight-channel
distortion from the acquisitions approach is largest precisely in economies where real interest
rates are high and asset prices grow slowly—the opposite of the Tokyo configuration—and
that country-specific calibration of V7 /VY is essential before concluding that the acquisitions

approach’s weight distortion is economically negligible.

Table G.16: Sensitivity of V}/VY to the Depreciation Rate §

0=0.018 6=0.020 ¢ =0.022

VeV 0.990 0.991 0.993
Change from baseline  —0.001 — +0.002

Note: Calibrated using full-sample Tokyo estimates: g = 2.87% p.a., r* = 2.69% p.a. (mean prime rate).
Baseline: 6 = 0.020. The near-zero sensitivity reflects the structural condition g ~ r* in Tokyo (2.87% vs
2.69%): when g and r* are close, V}/V3 ~ 1 for any §. Compare with the theoretical baseline (Table 1,

main text): g = 1%, r* = 3% gives V{}/V{ = 1.68.
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