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How should we measure changes in consumer welfare given observed data 
on prices and expenditures? This article proposes a nonparametric approach that 
holds under arbitrary preferences that may depend on observable consumer char- 
acteristics, for example, when expenditure shares vary with income. Using total 
expenditures under a constant set of prices as our money metric for real con- 
sumption (welfare), we derive a principled measure of real consumption growth 

featuring a correction term relative to conventional measures. We show that the 
correction can be nonparametrically estimated with an algorithm leveraging the 
observed, cross-sectional relationship between household-level price indices and 
household characteristics such as income. We demonstrate the accuracy of our al- 
gorithm in simulations. Applying our approach to data from the United States, we 
find that the magnitude of the correction can be large because of the combination 

of fast growth and lower inflation for income-elastic products. Setting reference 
prices in 2019, we find that (i) the uncorrected measure underestimates average 
real consumption per household in 1955 by 11.5%, and (ii) the correction reduces 
the annual growth rate from 1955 to 2019 by 18 basis points, which is larger than 

the well-known “expenditure-switching bias” over the same time horizon. JEL 
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I. INTRODUCTION 

How should we measure long-run changes in consumer wel-
fare? Classical demand theory shows that intuitive index number
formulas, which aggregate observed changes in consumed quan-
tities and prices, may provide precise measures of the change in
living standards. However, this powerful insight requires the cru-
cial assumption that the composition of demand remains inde-
pendent of consumer income (see Diewert 1993 ). This so-called
homotheticity assumption runs counter to the empirical regular-
ity that demand for many goods and services systematically de-
pends on income, a fact known since at least Engel (1857) . It also
belies the growing empirical evidence on sizable differences in the
rates of inflation in the cost of living experienced by different in-
come groups in the United States, with lower inflation rates for
higher-income groups. 1 

Despite this important and well-known theoretical limita-
tion, classical price index formulas remain widely used in practice
due to their simplicity, flexibility, and generality. Little is known
about potential biases arising from the restrictive homotheticity
assumption in the resulting measures of long-run growth in liv-
ing standards. Current alternatives require us to specify and esti-
mate the structure of the demand system, a task that leaves open
many questions about the choices of functional forms and identi-
fication strategy. For instance, Baqaee and Burstein (2023) have
recently offered an approach that relies on the knowledge of the
elasticities of substitution across goods to construct measures of
welfare growth (see also Samuelson and Swamy 1974 ). 

In this article we develop a novel approach for measuring
welfare change that allows for flexible dependence of the patterns
of demand on income and other sources of observed heterogene-
ity without the need for functional-form assumptions. Compared
with the standard setting, the only additional data requirement is
access to a cross section of product prices and quantities for con-
sumers with heterogeneous incomes. Such data are widely avail-
able through standard surveys of consumption expenditure. Our
approach nonparametrically estimates the cross-sectional depen-
dence of measured price index formulas on consumer income,
which we show is sufficient to provide precise approximations for
1. See Kaplan and Schulhofer-Wohl (2017) , Jaravel (2019 , 2021) , Argente and 
Lee (2021) , and Klick and Stockburger (2021) . 
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 theoretically consistent measure of real consumption. The ap- 
roach remains valid for any continuously differentiable prefer- 
nces under observable sources of heterogeneity. 

We apply our method to account for the nonhomotheticity 

f demand in measuring growth in consumer welfare in the 

nited States from 1955 to 2019. In addition to improving the 

easurement of long-run growth and inflation inequality, our 
ew approach can have important policy implications, such as 

ndexing the poverty line and more efficiently targeting welfare 

enefits. This approach also provides a blueprint for distribu- 
ional national accounts (Piketty, Saez, and Zucman 2018 ) that 
llow for nonhomotheticity and inflation inequality. 

We begin with the basic theory of the exact measurement of 
elfare change under stable preferences along a path of smoothly 

hanging prices. We define real consumption as the expenditure 

equired to achieve a certain level of welfare under constant 
rices fixed at a base period (money metric). Given this defini- 
ion, there exists a mapping from real consumption to total con- 
umer expenditure at any point in time. We show that we can 

ecover this mapping as the solution to a differential equation de- 
ned in terms of the Divisia function. This function extends the 

otion of the Divisia index, which is a standard measure of the 

hange in the cost of living. This measure is defined at any point 
n time for a given consumer as the mean of price growth across 
oods, weighted by the expenditure shares of the consumer. Since 

n our setting expenditure shares generically depend on income, 
t is natural to define the index as a function of total expenditure. 
ur results show that such a Divisia function summarizes all the 

nformation in the demand system that is relevant to recovering 

eal consumption. 
When preferences are homothetic, the Divisia function is con- 

tant in total expenditure and at any point in time equal to the 

ivisia index of any consumer. Our key differential equation in 

his case has a simple solution: the growth in real consumption 

s given by growth in total consumer expenditure, deflated by the 

alue of the Divisia index. Because index formulas approximate 

he Divisia index for each consumer in the data, we can chain 

hem over time to construct approximate measures of real con- 
umption under homotheticity. 

When preferences are nonhomothetic, the differential equa- 
ion implies that we need to multiply the deflated total expendi- 
ure by a nonhomotheticity correction factor at any point in time. 
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For each consumer, this correction is governed by the elasticity
of the mapping between real consumption and total expenditure.
Under homotheticity, since the mapping is always linear, the elas-
ticity and the correction factor are both unity. With nonhomo-
theticity, the curvature of the mapping changes over time and
the correction factor deviates from unity if price inflation varies
as a function of income. Importantly, we show how this correc-
tion implies a systematic dependence of the measures of real con-
sumption growth on the base vector of prices chosen to express
them. 

To see the intuition behind this correction, consider a set-
ting where consumer welfare is rising over a time horizon during
which inflation rates are lower for goods with higher income elas-
ticity (luxuries). Fixing prices in the initial period as our base,
real consumption is by definition linear in (and identical to) total
expenditure in the initial period. As time passes, the relative cost
of achieving higher levels of real consumption falls, since relative
prices are falling for goods more heavily consumed by the rich.
In other words, the mapping between real consumption and total
expenditures becomes more concave over time. 2 Hence, a rise in
total expenditure translates into increasingly larger gains in real
consumption as consumers become richer. The conventional ap-
proach assumes a linear mapping and thus ignores the gradual
fall in its curvature, leading to an underestimation of the growth
of real consumption under the initial base period in this case. 3 
2. One way to understand this change in concavity is that it accounts for the 
cumulative effect of the past inflation inequality. Consumers who were previously 
poor may not have immediately benefited from the fall in the price of income- 
elastic products in the past, since they consumed very little of those luxuries. 
However, they benefit from those past price changes today if their nominal income 
rises and they begin to consume those luxuries. The rise in their nominal income 
now translates to higher real consumption growth because of the fall in luxury 
prices accumulated since the base period, which has led to a concave mapping 
between nominal and real consumption. See Oberfield (2022) for a manifestation 

of this idea in a model of growth featuring inflation inequality. 
3. If we instead express real consumption in terms of constant final period 

prices as our base, the same logic implies that conventional approach overesti- 
mates the growth in all preceding periods. In this case, since total consumer ex- 
penditure is identical to real consumption in the final period, it must be a convex 
function of real consumption in all prior periods. This leads to overestimating the 
growth of real consumption when using the final period as base. In Section II.B , 
we show formally that the sign of the bias in growth measurement induced by the 
nonhomotheticity correction inherently depends on the choice of the base period. 

on School of Econom
ics user on 19 February 2024
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ur nonhomotheticity correction accounts for changes in the cur- 
ature of this mapping to accurately measure growth in terms of 
ny base period. 

Having characterized the properties of the exact mapping 

rom real consumption to total expenditure, we next show how we 

an approximate it in settings where we only have discrete obser- 
ations of consumer choices and where we do not know the under- 
ying preferences. The key observation is that we can use the vari- 
tions in the price index formulas across consumers/households 
ith different levels of income to nonparametrically approximate 

he Divisia function. Using this insight, we can construct approx- 
mate solutions to our key differential equation to recover the 

alues of real consumption. The main assumptions are that the 

references are smooth and identical across consumers. 
Our baseline approximation algorithm is fairly simple and 

ntuitive. In the base period, total expenditure by definition coin- 
ides with real consumption. This allows us to nonparametrically 

pproximate the nonhomotheticity correction as the elasticity of 
he observed price index formulas of different consumers with re- 
pect to their total expenditure. Using this elasticity, we obtain 

pproximations for the values of real consumption for each house- 
old in periods immediately before or after the base period. We 

an recursively apply the same strategy in later periods to ap- 
roximate the values of the nonhomotheticity correction and real 
onsumption over the entire period of interest. 

We provide several refinements and extensions for this base- 
ine algorithm, depending on the alternative choices made about 
he nature of the approximations. For instance, we derive algo- 
ithms that integrate our key differential equation up to first or 
econd orders of approximation in terms of the change in prices. 
e consider alternative choices for the price index formula. Using 

eometric, Laspeyres, and Paasche indices, we can construct first- 
rder approximations for the Divisia function, whereas by relying 

n Törnqvist, Fisher, or Sato-Vartia we can construct second-order 
pproximations. 4 

We demonstrate the accuracy of our different algorithms 
sing a simulation with known preference parameters, relying 
4. Establishing the second-order equivalence of the Sato-Vartia index with 

uperlative indices such as Fisher and Törnqvist constitutes another contribution 

f our study. The order of approximation is given in terms of the annual growth in 

otal expenditure and prices across goods, as discussed in Section II.C . 

ruary 2024
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on the nonhomothetic constant elasticity of substitution (nhCES)
preferences of Comin, Lashkari, and Mestieri (2021) . In an envi-
ronment featuring growth in real consumption, we confirm that
our procedure accurately recovers the evolution of the exact index
using the observed cross-sectional data, without any knowledge
of the underlying preference parameters. 

In the empirical part of the article, we apply our approach
to data from the United States and quantify the magnitude of
the bias in conventional measures of real consumption growth
that ignore nonhomotheticity effects. We build a new linked data
set providing price changes and expenditure shares at a granular
level from 1955 to 2019 across percentiles of the income distri-
bution. This data set combines several data sources, primarily
drawing from disaggregated data series available from the Con-
sumer Price Index (CPI) and the Consumer Expenditure Survey
(CEX). This new linked data set allows us to provide evidence on
inflation inequality over a long time horizon, thus extending prior
estimates that have focused on shorter time series. Computing
inflation using group-specific price index formulas, we find that
inflation inequality is a long-run phenomenon. Using a geomet-
ric index formula, we find that cumulative inflation from 1955 to
2019 varies from 700% at the top of the income distribution to
875% at the bottom. 

Because richer households experience lower inflation rates in
the data, our theory implies that, at any point other than the base
period, consumers are actually better off than suggested by con-
ventional uncorrected measures. Intuitively, when we look into
the past from the perspective of today’s prices, we observe that
(i) households were on average poorer 65 years ago, that is, they
had stronger preferences for necessities; and (ii) necessities were
cheaper. These empirical patterns imply that consumer welfare
was higher 65 years ago when accounting for nonhomotheticity
effects. Symmetrically, looking at today’s economy from the per-
spective of prices in a distant period in the past, we observe that
(i) households got on average richer and (ii) luxuries got cheaper,
implying higher average welfare today if we account for nonho-
motheticity effects. 

Empirically, we find that the magnitude of the nonhomoth-
eticity correction can be large. For example, taking base prices
in 2019, we find that the uncorrected measure underestimates
average real consumption (per household) in 1955 by about
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1.5%. 5 The uncorrected measure of cumulative real consump- 
ion growth is 270% over this period, or 2.07% growth annually. 
n contrast, with the nonhomotheticity correction and 2019 

ase prices, cumulative consumption growth falls to 232%, or 
n annualized growth rate of 1.89% a year. 6 Thus, in this case 

he nonhomotheticity correction reduces the annual growth rate 

rom 1955 to 2019 by 18 basis points, which is larger than the 

ifference of 11 basis points between the Laspeyres and Paasche 

ndices over the same time horizon. These results show that the 

agnitude of the nonhomotheticity correction can be as large 

s the well-known “expenditure-switching bias” (or “substitution 

ias”) affecting the Laspeyres and Paasche indices, which demon- 
trates its quantitative relevance. 

Finally, we show in an extension that our strategy general- 
zes to settings where preferences systematically vary with con- 
umer characteristics, for example, age, family size, or education. 
hen these characteristics evolve over time, we need to adjust 

ur measures using characteristic correction factors that capture 

he elasticity of the mapping from real consumption to total ex- 
enditure with respect to the changing characteristics. We char- 
cterize this mapping and provide algorithms to approximate the 

esulting corrections, using the cross-sectional variations in price 

ndex formulas and consumer characteristics. Empirically, we ap- 
ly the algorithm to quantify the adjustment to average real con- 
umption implied by consumer aging in the United States. We 

ocument a strong positive relationship between consumer age 

nd inflation, which alters the measurement of real consumption 

ecause the average consumer age increases over time. We find 
5. We find that the magnitude of the bias is similar across income percentiles. 
ote that our goal is to uncover the correct measures of real consumption at 

he income-percentile (synthetic household) level, without taking a stance on 

he aggregation of welfare. In other words, we report our measures of average 
eal consumption only as a summary of the results across income percentiles, to 
ake them comparable with the corresponding measures reported in the official 

tatistics. Because our proxy for real consumption is a money metric utility, dif- 
erent approaches to aggregating these values across households yield different 
ocial-welfare functions (see Blackorby and Donaldson 1988 ; Slesnick 1991 ; 
osmans, Decancq, and Ooghe 2018 , for the properties of money metric social- 
elfare functions). 

6. The sign and magnitude of the nonhomotheticity correction to the measure- 
ent of real consumption growth inherently depends on the choice of the base 

eriod, which we discuss further in Section III . 

l of Econom
ics user on 19 February 2024
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that the implied adjustments to real consumption are econom-
ically meaningful but much smaller than the nonhomotheticity
correction, which justifies our focus on the latter. 

I.A. Prior Work 

Our article builds on and contributes to three strands of the
literature. First, we extend the literature on index number the-
ory (e.g., Pollak 1990 ; Diewert 1993 ), which has enabled trans-
parent and consistent comparisons of the aggregate measures of
consumption and production over time and space relying only on
observables. As emphasized by Samuelson and Swamy (1974) ,
many classical results do not generalize beyond settings involving
homotheticity in preferences. Under nonhomotheticity, Diewert
(1976) has showed that one can still rely on the conventional price
index formulas to measure changes in welfare locally. However,
we show that these results do not generalize to welfare compar-
isons over long time horizons. We provide a detailed discussion
of the contrast between our results and these classical results in
Section II.C . 7 

Second, we advance a growing literature raising the point
that standard price index formulas suffer from a bias due to non-
homotheticities, whose magnitude is related to the covariance
between income elasticities and price changes (e.g., Fajgelbaum
and Khandelwal 2016 ; Baqaee and Burstein 2023 ; Atkin et al.
2024 ). In particular, Baqaee and Burstein (2023) have recently
highlighted the failure of standard measures of real consumption
to capture theoretically consistent welfare measures. They sug-
gest relying on the estimates of the elasticities of substitution to
account for the role of nonhomotheticity. 8 In contrast, we provide
a nonparametric approach that does not require specifying the
7. Our approach assumes utility maximization, and thus contrasts with the 
approach of Blundell, Browning, and Crawford (2003) , who rely on revealed- 
preference inequalities to develop a test for the axioms of revealed preference and 
propose lower and upper bounds on the true cost of living as a by-product of their 
strategy. 

8. Baqaee and Burstein (2023) also study the consequences of the endogene- 
ity of prices in general equilibrium, as well as unobserved heterogeneity, for ex- 
ample, taste shocks. The latter effects have also been considered by Redding and 
Weinstein (2020) . We note that, subsequent to our article, Baqaee, Burstein, and 
Koike-Mori (2024) proposed an alternative to our algorithms. We discuss the close 
connections between their approach and ours in Online Appendix B.3. 

om
ics user on 19 February 2024
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nderlying demand functions. The importance of the covariance 

etween income elasticities and inflation for measuring welfare 

hange is also noted by Fajgelbaum and Khandelwal (2016) and 

tkin et al. (2024) . Fajgelbaum and Khandelwal (2016) mea- 
ure changes in welfare gains from trade liberalization across 
ifferent income groups in a parametric setting and under the as- 
umption of an almost ideal demand system (AIDS) (Deaton and 

uellbauer 1980 ). 9 Atkin et al. (2024) consider the problem of 
elfare measurement in the absence of reliable price data and use 

eparability assumptions on the structure of preferences to infer 
elfare from shifts in the Engel curves. For this procedure to hold 

ithout the need for estimation of structural elasticities of substi- 
ution, Atkin et al. (2024) rule out the types of covariance patterns 
hat lead to large nonhomotheticity corrections in our framework. 
n summary, while this literature provides parametric correc- 
ions for the bias, our contribution is to provide a nonparametric 
orrection that remains valid under arbitrary preferences where 

ll consumer heterogeneity is in terms of observables. 
Third, we contribute to the literature on the measurement of 

nflation inequality (e.g., Hobijn and Lagakos 2005 ; McGranahan 

nd Paulson 2006 ; Kaplan and Schulhofer-Wohl 2017 ; Jaravel 
019 ; Argente and Lee 2021 ). Prior work on inflation inequal- 
ty has posited the existence of separate homothetic indices for 
ifferent income groups. We apply our methodology to provide es- 
imates of inflation inequality that are robust to potential biases 
rising from nonhomotheticities. Using our new linked data set 
overing the period 1955–2019 in the United States, we apply our 
ethodology to the measurement of short-, medium-, and long- 

un growth in real consumption, and we quantify the magnitude 

f the bias stemming from the nonhomotheticity correction. 
The remainder of this article is organized as follows: 

ection II presents our theory, approximation algorithms, and 

imulations. Section III reports the empirical analysis, and 

ection IV generalizes our approach to settings where preferences 
ary with observable consumer characteristics. Several proofs 
nd additional results are reported in the Online Appendix . 
9. An earlier literature showed how parametric AIDS specifications can 

e used to make welfare comparisons over time (Oulton 2008 ) or across coun- 
ries (Feenstra, Ma, and Rao 2009 ) in the presence of nonhomotheticities, esti- 
ating only income elasticities and without the need to estimate elasticities of 

ubstitution. 

February 2024
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II. MEASURING WELFARE CHANGES UNDER NONHOMOTHETICITY 

In this section, we present our theory for the exact measure-
ment and empirical approximation of real consumption growth
under preference nonhomotheticity. Section II.A introduces the
notation and defines the main concepts used for the measure-
ment of welfare, cost of living, and real consumption. Section II.B
presents the theory for the exact measurement of welfare growth
assuming the knowledge of a specific function that combines in-
formation on consumer demand with price changes. Section II.C
derives our approximate results in terms of observable data. Fi-
nally, in Section II.D we perform a simulation to illustrate and
validate the accuracy of our approach. 

II.A. Definitions 

1. Real Consumption and the True Price Index. Consider
consumer preferences in the space of I products characterized
by a utility function U ( q ) where q ≡ (qi )I 

i =1 is the (nonnegative)
vector of quantities consumed of each good. We assume that the
corresponding expenditure function E ( u ; p ) , characterizing ex-
penditure required to achieve utility u under vector of prices
p ≡ (pi )I 

i =1 , is second-order continuously differentiable. Moreover,
consider a path of prices p t over the time interval t ∈ [0, T ], and
let s = ω t ( y) denote the vector of expenditure shares across goods
as a function of total expenditure y under these preferences at
time t , with y ≡ �i pi qi and si ≡ pi qi 

y . The function ω t (·) character-
izes the Marshallian demand for the vector of prices prevailing at
time t . 10 Because we do not restrict the preferences to be homoth-
etic, Marshallian demand depends on total spending y . 

We begin by defining our concept of real consumption as a
money metric for consistent measurement of welfare over time. 

DEFINITION 1 (Real Consumption). For a given vector of prices p b
(with 0 � b � T ), define real consumption under constant
time- b (base) prices as a monotonic transformation Mb (·) of
utility u given by 

(1) cb = Mb ( u) ≡ E ( u ; p b ) . 
10. From Shephard’s lemma, we have ωi,t ( y) ≡ ∂ log E( u ;p t ) 
∂ log pi,t 

subject to y = 

E ( u ; p t ) . 

2024
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Equation (1) constitutes our money metric for welfare for a 

onsumer with utility u , which gives the minimum expenditure 

eeded to achieve that level of utility under the vector of prices 
revailing at time b . Since real consumption is defined with refer- 
nce to base time period b , we must include b in our notation for 
eal consumption, cb . For brevity, we often drop the superscript 
o simplify the expressions whenever it is clear that the base b is 
xed. 

Definition 1 constructs a fixed mapping from utility to real 
onsumption that does not vary with time. We now define a time- 
ependent function χb 

t (·) that maps real consumption c under 
ase period b to the value of the total expenditure required to 

chieve that level of real consumption under current prices p t . 
ormally, this function is given by 

χb 
t ( c) ≡ E

(
M−1 

b (c ) ; p t 
)
, 2) 

here M−1 
b (c ) is the level of utility corresponding to real consump- 

ion c . Note that for a given consumer with real consumption cb 
t 

nd total expenditure yt at time t , we have yt = χb 
t (c

b 
t ) . Moreover, 

y definition we have c = χb 
b (c ) for all c . 

Corresponding to Definition 1 , we define the growth in real 
onsumption between periods t0 and t under the base vector of 
rices at time b as the ratio 

cb 
t 

cb 
t0 

, which is also a (standard-of-living) 

uantity index. We also define an index for the inflation in the 

ost of living corresponding to the level of consumption c between 

eriods t0 and t . 

EFINITION 2 (True Price Index). Define the cost of living price 

index Pb 
t0 ,t (c ) for a consumer with real consumption c (defined 

under base time period b ) between periods t0 and t (0 � t0 , t 
� T ) as 

(3) Pb 
t0 ,t (c ) ≡

χb 
t (c ) 

χb 
t0 

(c ) 
. 

et us specifically consider the true price index defined between 

he base period b and the current period t , which satisfies c ≡
χb 

t (c ) 
Pb 

b,t (c ) 
. Since y = χb 

t (c ) , knowing this index allows us to find real 

onsumption by deflating total expenditure. Using Definitions 1 

nd 2 , we can write the following relationship between real 
onsumption growth and the true price index between periods 
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t0 and t : 

(4) 
cb 

t 

cb 
t0 

= yt 

yt0 

Pb 
b,t0 

(ct0 ) 

Pb 
b,t (ct ) 

= yt 

yt0 

1 

Pb 
t0 ,b 

(ct0 ) × Pb 
b,t (ct ) 

. 

Equation (4) shows that the growth in real consumption for a con-
sumer under any base period b is given by deflating the growth
in the nominal consumer expenditure by a composite true price
index. This composite price index is the product of the true price
index between the initial period t0 and the base period b , Pb 

t0 ,b 
(ct0 ) ,

and the true price index between the base period b and the final
period t , Pb 

b,t (ct ) . Crucially, the former index is evaluated at the
initial level of real consumption ct0 while the latter is evaluated
at the final level of real consumption ct . 11 

i. Homothetic Preferences : Let us consider the restriction
that the underlying preferences are homothetic; that is, the
composition of demand does not depend on the level of utility.
The utility function U (·) is homothetic if (and only if) we can
write the expenditure function as E ( u ; p ) = P(p ) · F (u ) , for some
unit expenditure function P (·) and some canonical homothetic
cardinalization F (·) of utility (Diewert 1993 ). Correspondingly,
from Definition 2 , the true price index Pb 

t0 ,t (c ) between any two
time periods t0 and t takes the same value independent of the
level of real consumption c and the choice of the base period b .
Equation (4) then simplifies to 

12 

(5) 
cb 

t 

cb 
t

= yt 

yt0 

1 

Pb 
t ,t (c ) 

, for any c and for any b, 

0 0 

11. In such a pairwise welfare comparison between periods t0 and t , the spe- 
cific choice of the initial year t0 as base leads to the concept of equivalent vari- 

ation (EV) as our measure of welfare growth, which we can write as EV = c
t0 
t 

c
t0 
t0 

= 

yt 
yt0 

1 
Pt0 

t0 ,t 
(c

t0 
t ) 

. Alternatively, choosing the final period t as the base leads to the con- 

cept of compensating variation (CV), given as CV = ct 
t 

ct 
t0 

= yt 
yt0 

1 
Pt 

t0 ,t 
(ct 

t0 
) 
. 

12. Homotheticity is a necessary and sufficient condition for the true price 

index Pb 
t0 ,t 

(c ) to be independent of c and for the growth in real consumption 

cb 
t 

cb 
t0 

to 

be independent of the base b . Samuelson and Swamy (1974) refer to this result as 
the homogeneity theorem. 

conom
ics user on 19 February 2024
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mplying that we can deflate nominal consumption growth by the 

rue index between the initial and final periods for any level of 
eal consumption. 

2. Price Index Formulas. The indices defined above are struc- 
ural, in the sense that they require the knowledge of the un- 
erlying consumer preferences. In contrast, standard price index 

ormulas can be computed only in terms of observed expendi- 
ures and prices. An index formula is a positive-valued function 

 (p t0 , s t0 ; p t , s t ) of a pair of initial and final vectors of prices and 

xpenditure shares, which aggregates the changes into a single 

ndex. The most common examples include Laspeyres PL , Paasche 

P , and geometric PG 

indices, which only use one vector of expen- 
iture shares in the initial or final periods: 

PL ≡
∑ 

i 

si,t0 

(
pi,t 

pi,t0 

)
, PP ≡

( ∑ 

i 

si,t 

(
pi,t0 

pi,t 

)) −1 

, 

PG 

≡
∏ 

i 

(
pi,t 

pi,t0 

)si,t0 

, 6) 

here we have suppressed the arguments (p t0 , s t0 ; p t , s t ) to avoid 

epetition. As is well known, these indices do not account for the 

ubstitution effects that change the composition of expenditure 

etween the two periods. Important alternatives that use both 

nitial and final expenditure shares and account for substitution 

ffects include the Fisher PF , Törnqvist PT , and Sato-Vartia PS 
ndex formulas defined as 

PF ≡ ( PP · PL ) 
1 
2 , PT ≡

I ∏ 

i =1 

(
pi,t 

pi,t0 

)s T,i 

, 

PS =
∏ 

i 

(
pi,t 

pi,t0 

)s S,i 

, 7) 

here the Fisher index is the geometric mean of the Laspeyres 
nd Paasche, the Törnqvist weights are defined as s T,i ≡ 1 

2 (si,t0 + 

i,t ) , and the Sato-Vartia weights are proportional to s S,i ∝ 

si,t 
si,t0 

(log ( si,t 
si,t0 

))−1 and sum to one. As we will see in Section II.C , we 

an rely on these index formulas to approximate the true price 

ndex and real consumption growth. 
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II.B. Exact Measurement of Welfare Change under 
Nonhomotheticity 

In this section, we show how to construct the mapping χb 
t (·)

from real consumption to total expenditure, given observable
functions that characterize the evolution of expenditure shares
ω t (·) and prices p t . We first use the paths of prices and the ex-
penditure share function to define a Divisia function Dt (·) of total
expenditure at time t as 

(8) log Dt ( y) ≡
∑ 

i 

ωi,t ( y) 
d log pit 

dt 
. 

The following proposition shows that the knowledge of this func-
tion is sufficient to fully characterize the evolution of the map-
ping χb 

t (c ) , and it thus summarizes all the information in the de-
mand function that is relevant to recovering real consumption
over time. 13 

PROPOSITION 1. Consider a path of prices p t and preferences that
lead to the Divisia function Dt (·) over the interval [0, T ]. The
mapping χb 

t (·) from real consumption to total expenditure is
the solution to the following partial differential equation with
the boundary condition χb 

b (c ) = c : 

(9) 
∂ log χb 

t (c ) 
∂t 

= log Dt 

(
χb 

t (c )
)

. 

In addition, for any path of total nominal expenditure yt over
the interval, the growth in real consumption, defined under
period- b constant prices, at any point in time satisfies 

(10) 
d log cb 

t 

dt 
=
( 

∂ log χb 
t (c

b 
t ) 

∂ log cb 
t 

) −1 

×
(

d log yt 

dt 
− log Dt ( yt ) 

)
. 

Proof. From Definition 2 , we know that everywhere along the
path, the total expenditure is equal to the mapping χb 

t (·) eval-
uated at the corresponding level of real consumption, that is,
13. Online Appendix B.1 shows that Proposition 1 is a direct consequence of 
the integrability of the demand system characterized by the expenditure share 
function ω t (·) . For completeness, Online Appendix B.2 characterizes the inverse 
mapping from total expenditure to real consumption, which we call the real con- 
sumption function. 

bruary 2024
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t = χb 
t (c

b 
t ) = E

(
M−1 

b (cb 
t ) ; p t 

)
. Equation (9) follows from 

∂ log χb 
t (c ) 

∂t 
= 

∑ 

i 

∂ log E
(
M−1 

b (c ) ; p t 
)

∂ log pit 
· d log pit 

dt 

= 

∑ 

i 

ωi,t 

(
χb 

t (c )
)

· d log pit 

dt 
, 

here in the second equality we have used Shephard’s lemma. 
We can now write the full time derivative of the total expen- 

iture as 

d log yt 

dt 
= 

∑ 

i 

∂ log E
(
M−1 

b (cb 
t ) ; p t 

)
∂ log pit 

· d log pit 

dt 

+∂ log E
(
M−1 

b (cb 
t ) ; p t 

)
∂ log cb 

t 
· d log cb 

t 

dt 
, 

hich leads to equation (10) after rearranging terms, since the 

rst term on the right side equals log Dt ( yt ). Intuitively, this equa- 
ion shows that the change in nominal expenditure is the sum 

f two terms: (i) price changes holding real consumption con- 
tant and (ii) the change in real consumption interacted with the 

hange in the curvature of the expenditure function as real con- 
umption changes. �

To draw insights from Proposition 1 , we consider the case of 
omothetic preferences. In this case, the composition of demand 

s independent of expenditure and we have Dt ( y ) ≡ Dt for all y . 
ence, equation (9) implies that along the path we have 

log Pb 
b,t (c ) = log χb 

t (c ) − log c =
∫ t 

b 
log Dτ dτ, ∀ b, c. 

he integral on the right side defines the standard Divisia price 

ndex, which gives the true price index under the homothetic- 
ty assumption. Beyond the homothetic case, as is well known, 
his integral does not necessarily offer a price index that is the- 
retically consistent (Hulten 1973 ). 14 Proposition 1 shows that 
he theory-consistent way to recover the true price index under 
onhomotheticity is to integrate the Divisia function using the 
14. For instance, the integral may take different values between the two ini- 
ial and final periods depending on the path of expenditure shares considered 
etween the two periods. 

y 2024
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differential equation (9) : 
(11) 

log Pb 
t0 ,t (c ) = log χb 

t (c ) − log c =
∫ t 

t0 

log Dτ

(
χb 

τ (c )
)

dτ, ∀ b, c. 

The second insight of Proposition 1 is to show that we can
account for the contribution of nonhomotheticity using a sim-
ple multiplicative factor, which rescales the standard formula
that deflates nominal expenditure growth by the Divisia index,
d 
dt log yt − log Dt ( yt ) . Let us define the nonhomotheticity correc-
tion function �b 

t (·) as the elasticity of the true index to real con-
sumption from the base period to the current period, that is, 

(12) �b 
t (c ) ≡

∂ log Pb 
b,t (c ) 

∂ log c 
= ∂ log χb 

t (c ) 
∂ log c 

− 1 , 

so that the multiplicative factor in equation (10) is given by
(1 + �b 

t (ct ))−1 . Under homothetic preferences, this nonhomoth-
eticity correction is zero �b 

t (c ) ≡ 0 and we recover the standard
result. Otherwise, we have to account for the deviation of the non-
homotheticity correction function �t from zero in equation (10) . 

As we move forward in time from the base period t > b ,
equation (12) shows that the nonhomotheticity correction rises
if the cost-of-living price index, from the base to the current pe-
riod, is higher at higher levels of real consumption. In such cases,
raising one’s real consumption becomes more expensive over time,
and thus the exact measure of real consumption growth is smaller
than that with the uncorrected deflation of nominal consumption
growth, d 

dt log yt − log Dt ( yt ) . In contrast, if the true price index is
higher at lower levels of real consumption, raising one’s real con-
sumption becomes less expensive over time, and thus the exact
measure of real consumption growth exceeds what is suggested
without correction. 15 

When does the nonhomotheticity correction require a sizable
adjustment to the standard uncorrected approach? First, by defi-
nition the nonhomotheticity correction is small when the current
period t is close to the base period b , so that the true index Pb 

b,t (c )
is small. Second, the dependence of the index on real consumption
15. We provide intuition for this result with examples at the end of this 
section. 

 2024
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tems from systematic differences in price changes across goods 
s a function of their income elasticities. Indeed, we can rewrite 

he nonhomotheticity correction as: 16 

�b 
t (c ) =

∫ t 

b 

∑ 

i 

(
ωi,τ

(
χb 

τ (c )
) · ηb 

i,τ (c ) · d log piτ

dτ

)
dτ, 

here ηb 
i,t (c ) ≡

∂ log ωi,t ( χb 
τ (c )) 

∂ log c denotes the elasticity of expenditure 

hares with respect to real consumption. Thus, the nonhomo- 
heticity correction is zero if price inflation 

d log piτ
dτ

is uncorre- 
ated with income elasticities ηb 

i,τ (c ) across goods i , even if the 

verage size of price inflation is large. We conclude that the 

onhomotheticity correction is likely to be sizable when prefer- 
nces are nonhomothetic, price inflation is large and correlated 

ith income elasticities across goods, and real consumption is ex- 
ressed in terms of a base period that is distant from the current 
eriod. 

Most importantly, Proposition 1 allows us to uncover real con- 
umption over time by approximating the Divisia index function 

og Dt ( y ) using the cross-sectional variations in the price indices 
cross households. Before presenting this result in Section II.C , 
e present a number of other theoretical implications of 
roposition 1 . 

1. Real Consumption Growth and the Choice of Constant 
rices. How does the choice of the base period affect the mea- 
urement of growth in real consumption? The following lemma 

hows that there is a systematic relationship between the 

hoice of the base period and the corresponding measure of real 
onsumption. 

EMMA 1. Consider two base periods b1 < b2 . At time t , the rate of 
growth in real consumption measured with constant prices in 

period b2 , relative to real consumption with constant prices 
16. We note that the importance of the covariance between income elastici- 
ies and price changes for measuring welfare change in the presence of nonho- 
otheticity has been highlighted in prior work (e.g., Fajgelbaum and Khandelwal 

016 ; Baqaee and Burstein 2023 ; Atkin et al. 2024 ). The main insight of our work 
s how to use this result to nonparametrically uncover the measures of welfare 
hange based on cross-sectional data. 

9 February 2024
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in period b1 , satisfies 

(13) 
d log cb2 

t 

d log cb1 
t 

= 1 + �
b1 
b2 

(
cb1 

t 

) = 1 +
∂ log Pb1 

b1 ,b2 

(
cb1 

t 

)
∂ log cb1 

t 

. 

Proof. See Online Appendix B.4. 

Lemma 1 shows that the sign of the bias induced by the non-
homotheticity correction inherently depends on the choice of the
base period. 17 More specifically, it shows that the gap between
measures of growth at time t using two different base periods, b1 
and b2 , depends on the nonhomotheticity correction between the
two periods b1 and b2 . For instance, assume b1 < b2 , prices are
on the rise, and price inflation negatively covaries with income
elasticities across goods between periods b1 and b2 . In this case
�

b1 
b2 

< 0 , and by equation (13) real consumption growth is lower
when measured from the perspective of the later period b2 . 

To gain intuition about the economics behind this result, let
us consider a simple economy with two goods: burgers and mo-
bile phones. Assume that mobile phones are more income elastic
than burgers and that over a period of time, for example, from
1970 to 2020, the relative price of mobile phones falls substan-
tially relative to burgers. From the perspective of prices held con-
stant at their 1970 level, real consumption growth over this 50-
year period is larger when preference nonhomotheticity is taken
into account. The reason is that consumers become richer over
time, which leads to an increase in the propensity to spend on
mobile phones, precisely when the relative price of mobile phones
is falling. Thus, in this example conventional measures of real
consumption growth are biased downward because they do not
account for income-elastic goods becoming relatively cheaper at
the same time that they become relatively more important in con-
sumer preferences. 

In contrast, looking backward in time from the perspective
of prices held fixed at a later period, for example, 2020, real con-
sumption growth during the period is smaller when accounting
for the nonhomotheticity correction. Indeed, going backward in
time, consumers become poorer and spend relatively more on the
17. To the best of our knowledge, this point has not been made in prior work 
on measuring welfare change in the presence of preference nonhomotheticity. 

024
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ncome-inelastic good, burgers, which become relatively cheaper. 
hus, the fall in income is dampened by the fact that burgers 
re relatively cheaper while consumer demand for burgers has 
ncreased. Therefore, consumers in the past were richer than typ- 
cally thought; that is, conventional measures of real consumption 

rowth are biased upward. 
These examples illustrate how the curvature of the mapping 

etween welfare and our money metric depends inherently on the 

hoice of the base period. Regardless of the choice of the base pe- 
iod, in the examples above the level of real consumption is al- 
ays underestimated by the standard measures, all the more so 

s we move away from the base period. 18 

2. Characterization of the Real Consumption Function. 
roposition 1 characterizes the mapping from real consumption 

o total expenditure at any point in time. Since this mapping is 
onotonic, it also fully characterizes the inverse mapping ̃  χb 

t (y ) ≡
(χb 

t )
−1 (y ) , from total expenditure to real consumption, which we 

ay refer to as the (indirect) real consumption function. The fol- 
owing lemma shows that the real consumption function provides 
 dual representation of the mapping from real consumption to 

otal expenditure. 

EMMA 2. The real consumption function and the mapping from 

real consumption to expenditure satisfy the following rela- 
tionship for all t , b ∈ [0, T ] and for all y > 0: 

(14) ˜ χb 
t ( y) = χ t 

b ( y) . 

Proof. The real consumption function satisfies ˜ χb 
t ( y) = 

( vt ( y) ; p b ) , where we have defined the indirect utility vt ( y ) 
hrough y = E(vt (y ) ; p t ) . Noting vt ( y) = M−1 

t ( y) for the money 

etric defined as in equation (1) leads to the desired result. �
18. Another application of the insight that measured growth depends on the 
ector of fixed prices has recently been provided by Oberfield (2022) . He constructs 
 general-equilibrium growth model that features a U-shaped pattern of inflation 

nequality (as a function of household income) along the constant growth path. 
long such paths, the rates of growth in real consumption, when measured in 

erms of a base period far in the past or one far in the future, are equal across 
ouseholds. In contrast, when measured in terms of the current base period, these 
ates take higher values and feature inequality across households. 

 on 19 February 2024
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Online Appendix B.2 derives a direct characterization of the
real consumption function as the solution to a first-order hyper-
bolic partial differential equation, and discusses its connection
with the differential equation (9) . The Online Appendix further
discusses how we may use this representation of the differential
equation (9) to construct other alternatives to our approach for
approximating real consumption based on cross-sectional data. 

II.C. Approximating Welfare Changes under Nonhomotheticity 

Proposition 1 characterizes a theoretically consistent mea-
sure of real consumption as the solution to a differential equa-
tion expressed in terms of the Divisia function. This function in
turn tells us how the true price index depends on total expendi-
ture. Here we build a number of different approximate solutions
to this differential equation using data on prices and repeated
cross sections of household expenditures. The key insight is that
classical index number theory allows us to approximate the Di-
visia function for any underlying preferences, based on cross-
sectional variations in price indices across households as a func-
tion of their total expenditure. 

1. Setting for the Approximation. As in Section II.A , we con-
sider continuous paths for prices and total expenditure in some
fixed time interval, but now assume that the data provide us with
only T + 1 discrete observations along this path. Without loss of
generality, we denote the end period by the integer T and let t ∈
{0, 1, ���, T } denote the time index of each observation. Since the
paths of prices and total expenditure are fixed, we assume that
the following bounds on price inflation and nominal expenditure
growth increasingly vanish as we increase the number of obser-
vations T + 1: 

	p ≡ max 

i,t 

{∣∣∣∣log 

(
pi,t+1 

pi,t 

)∣∣∣∣} , 

	y ≡ max 

t 

∣∣∣∣log 

(
yi,t+1 

yi,t 

)∣∣∣∣ . (15) 

We use the bounds above to introduce the concepts needed
for constructing our approximation error bounds. Consider two
sequences { ft }T 

t=0 and { gt }T 
t=0 defined as functions of the observed

sequences of price and total expenditure along the path. As the

https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
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umber of observations T + 1 and the bounds in equation (15) 
hange, the values of the two sequences also change. 

Let us denote the corresponding mapping between the size 

f the bound 	, where 	 = max { 	p , 	y }, and the values of the 

wo sequences as ft ≡ ft ( 	) and gt ≡ gt ( 	). 19 Now we define the 

equence { ft }T 
t=0 as an m th-order approximation of the sequence 

 gt }T 
t=0 , and denote this by ft − gt = O ( 	m + 1 ), if the differences 

etween the values of the two sequences fall in magnitude with 

m + 1 as T grows. Formally, this relationship holds if lim	 → 0 ( ft ( 	) 
gt ( 	)) 	−( m + 1) = a for some finite constant a > 0. 

For the key results presented later, we make the additional 
ssumption that in each period we observe the composition of con- 
umption expenditures for N consumers or households with iden- 
ical preferences characterized by a continuously differentiable 

xpenditure function, E ( u ; p ) . They face the same sequence of 
rices and have heterogeneous levels of total expenditures, satis- 
ying the bounds in equation (15) . 

2. Index Formulas and Local Approximations of the True 
ndex Function. We begin with a lemma showing that the se- 
uences of geometric and Törnqvist price indices (between suc- 
essive time points) provide approximations of the correspond- 
ng sequence of true price indices up to first and second orders, 
espectively. 20 

EMMA 3. Assume that the underlying expenditure function E (·;·) 
characterizing choices ( p t , s t , yt ) and ( p t+1 , s t+1 , yt+1 ) is third- 
order continuously differentiable in all its arguments. Then, 
if the corresponding changes in prices and total expenditures 
satisfy equation (15) , the geometric and Törnqvist price index 

formulas satisfy 

log Pb 
t ,t +1 (c ) = log PG 

( p t , s t ; p t+1 , s t+1 ) + O
(
	2 ) , 

if c ∈
{ 
cb 

t , c
b 
t+1 

} 
, (16) 
19. Note that this definition involves a slight abuse of notation, since the 
equence is a function of all observations of prices, total expenditures, and expen- 
iture shares, not just of 	. 

20. As we discuss later, we can generalize this result for broader classes of 
ndex formulas defined in Section II.A . Lemma 3 closely parallels the results of 
iewert (1976) , who shows that the Törnqvist price index is exact for the translog 

amily of expenditure functions. 

 19 February 2024
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log Pb 
t ,t +1 ( c) = log PT ( p t , s t ; p t+1 , s t+1 ) + O

(
	3 ) , 

if c =
√ 

cb 
t · cb 

t+1 , (17) 

where 	 ≡ max { 	p , 	y } and where cb 
t = (χb 

t )
−1 (yt ) de-

notes the level of real consumption corresponding to choice
(p t , s t , yt ) . 

Proof. See Online Appendix B.4. 

Recall that under homotheticity, the true price index does
not depend on the level of real consumption c . As the proof of
the lemma shows, under homotheticity the lemma holds for any
level of real consumption c and with a tighter bound 	 ≡ 	p . In
this case, the sequences of geometric and Törnqvist indices pro-
vide us with approximations of the Divisia index, which we can
chain over time to integrate the Divisia index and approximate
any true price index log Pb 

t0 ,t (c ) . Thus, in the case of homothetic
preferences, the error in the chained indices over the entire fixed
interval, depending on whether the geometric or Törnqvist for-
mula is used, is first or second order. 21 

In the presence of nonhomotheticity, the lemma shows that
approximations remain valid only for local levels of real consump-
tion, in the sense that they are close to cb 

t and cb 
t+1 . Thus, chaining

geometric and Törnqvist indices does not lead to a theoretically
consistent measure of the true price index over the entire inter-
val. As we will see next, however, we can still rely on the insights
of Proposition 1 to approximate the true price index. 

3. Global Approximations for the True Index Function.
roposition 1 allows us to extend Lemma 3 to construct approx-

imations for the true price index corresponding to arbitrary val-
ues of real consumption. This result is presented in the following
lemma. 

LEMMA 4. Assume that the conditions stated in Lemma 3 hold.
Then the true cost-of-living function Pb 

t ,t +1 (c ) ≡
χb 

t+1 (c ) 
χb 

t (c ) 
satisfies

log Pb 
t ,t +1 (c ) = π+ 

t 

(
χb 

t (c )
)+ O

(
	2 

p 

)
, (18) 
21. The lemma implies the error bounds O ( T · 	2 ) and O ( T · 	3 ) for the 
chained geometric and Törnqvist formulas, respectively. Note that since we keep 
the interval and the overall true index fixed, we have T−1 = O ( 	). 

024

https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data


MEASURING GROWTH IN CONSUMER WELFARE 499 

w

P
(
o
t
i

a
r
T
t
e
t

r
t
a
r

(

w
π

f
s

D
ow

nloaded from
 https://academ

ic.oup.com
/qje/article/139/1/477/7269228 by London School of Econom

ics user on 19 February 2024
log Pb 
t ,t +1 ( c) = 1 

2 

[ 
π+ 

t 

(
χb 

t (c )
)

+ π−
t+1 

(
χb 

t+1 (c )
)] + O

(
	3 

p 

)
, 

(19) 

here 	 ≡ max { 	p , 	y } and where we have defined Laspeyres 
π+ 

t ( y) and Paasche π−
t+1 ( y) geometric index functions as 

π+ 

t ( y) ≡
∑ 

i 

ωit ( y) log 

(
pit+1 

pit 

)
, (20) 

π−
t+1 ( y) ≡

∑ 

i 

ωit+1 ( y) log 

(
pit+1 

pit 

)
. (21) 

Proof. See Online Appendix B.4. 

Lemma 4 offers an approximate, discretized restatement of 
roposition 1 . The two functions defined in equations (20) and 

21) allow us to approximate the Divisia index Dt ( y ) as a function 

f total expenditure. As we will see, we can nonparametrically es- 
imate these functions using observed cross-sectional variations 
n index formulas across households. 

We use Lemma 4 to construct the central contributions of this 
rticle, that is, a number of algorithms that provide approximate 

eal consumption over time using repeated cross-sectional data. 
hese algorithms vary in the approaches we choose about how 

o use the lemma above to numerically integrate the differential 
quation (9) over time, starting from the base period b in which 

he mapping χb 
b (c ) = c is known. 

4. First-Order Algorithms. We begin with our simplest algo- 
ithm that uses equation (18) to approximate the true index func- 
ion Pb 

t ,t +1 (·) and correspondingly the values of real consumption 

cross households. First, we evaluate equation (18) at the level of 
eal consumption c = cb,n 

t for each household n to find 

22) log Pb 
t ,t +1 

(
cb,n 

t 

) = π+ 

t 

(
yn 

t 

)+ O
(
	2 

p 

) = π+ ,n 
t + O

(
	2 

p 

)
, 

here we have used the fact that χb 
t (c

b,n 
t ) = yn 

t and that π+ 

t (yn 
t ) = 

+ ,n 
t ≡ log PG 

(p t , s n t ; p t+1 , s n t+1 ) coincides with the geometric index 

ormula for this household. Next we apply a Taylor series expan- 
ion of χb 

t+1 (·) around cb 
t to write the left side of equation (22) 

https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
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as 

log Pb 
t ,t +1 

(
cb,n 

t 

) = log χb 
t+1 

(
cb,n 

t 

)− log yn 
t 

= log 

(
yn 

t+1 

yn 
t 

)
− ∂ log χb 

t+1 

(
cb,n 

t 

)
∂ log cb,n 

t 

log 

( 

cb,n 
t+1 

cb,n 
t 

) 

+ O
(
	2 

y 

)
, (23) 

where we have used the definition Pb 
t ,t +1 (c ) ≡

χb 
t+1 (c ) 
χb 

t (c ) 
and the fact

that χb 
t (c

b,n 
t ) = yn 

t . 
Equations (22) and (23) , along with the definition of the non-

homotheticity correction �b 
t (·) in equation (12) , allow us to de-

rive an update rule for the values of real consumption across
consumers from one period to the next: 

(24) log 

ˆ cn 
t+1 = log 

ˆ cn 
t + 1 

1 + ̂ �t+1 
(
ˆ cn 
t 

) [log 

(
yn 

t+1 

yn 
t 

)
− π+ ,n 

t 

]
, 

where we have omitted the superscript b indicating the base year
to simplify notation, and where we have indicated our estimated
value of real consumption at time t for household n by 

ˆ cn 
t . 

The key remaining step is to estimate the value of the
nonhomotheticity correction. The simplest approach is to once
again rely on equation (18) , and the fact that log Pt ,t +1 (cn 

t ) ≈ π+ ,n 
t ,

to nonparametrically estimate log Pt ,t +1 (·) as a function of real
consumption in each period. In particular, starting from the
base period t = b , the real consumption for each consumer is
equal to their observed total expenditure 

ˆ cn 
b = cn 

b = yn 
b . Thus,

we can apply a nonparametric regression of the log geometric
index formula π+ ,n 

b on real consumption 

ˆ cn 
b across households

in this period; we recover an estimated true cost-of-living index
log ̂

 Pb,b+1 (·) as a function of real consumption. We can now use
the derivative of this function to evaluate the nonhomotheticity
correction 

̂ �b+1 
(
ˆ cn 
b 

)
for each household and apply the update rule

in equation (24) to find the value of real consumption for each
household 

ˆ cn 
b+1 in the next period. This allows us to nonparamet-

rically estimate the true cost-of-living index log ̂

 Pb+1 ,b+2 (·) in the
next period as a function of real consumption, using a regression
of the log geometric index formula π+ ,n 

b+1 on real consumption 

ˆ cn 
b+1 

across households. 
Applying the two steps successively moving forward from the

base period, we can recover the cumulative true cost of living
log ̂

 Pb,t+1 (c ) ≡
∑ t log ̂

 Pτ,τ+1 (c ) as a function of real consumption
τ= b 
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or each period t � b . This function in turn allows us to estimate
he nonhomotheticity correction and use equation (24) to recover 
he values of real consumption in the next period. 

Algorithm 1 formally states this procedure, using power se- 
ies estimators, 22 moving either forward or backward in time from 

he base period: 

LGORITHM 1 (Baseline First-Order Algorithm). Consider a se- 
quence of power functions { fk (z ) ≡ zk }KN 

k =0 for some KN 

, where 
N is the number of consumers in the cross section. Let ̂  cn 

b ≡ yn 
b 

and for each t � b , successively apply the following two steps. 

(i) Nonparametrically fit the true price index between periods 
t and t + 1: Estimate the coefficients (̂ αk,t )

KN 
k =0 solving the 

following problem: 

(25) min 

( αk,t ) K k =0 

N ∑ 

n =1 

( 

π+ ,n 
t −

KN ∑ 

k =0 

αk,t fk 
(
log ̂

 cn 
t 

)) 2 

, 

where { π+ ,n 
t }n are household-specific price index formulas 

at time t defined by 

(26) π+ ,n 
t ≡ log PG 

(
p t , s n t ; p t+1 , s n t+1 

)
. 

(ii) Estimate the values of real consumption for consumers in 

period t + 1: Use equation (24) , where the approximate 
nonhomotheticity correction function is given by 

(27) ̂ �t+1 (c ) ≡
KN ∑ 

k =0 

( 

t ∑ 

τ= b ̂

 αk,τ

) 

f ′ 
k 

(
log c

)
. 

To apply the algorithm backward in time for t < b, simply re- 
label all the time indices in the data preceding the base period 

b such that t − τ → t + τ for all 1 � τ � b and perform the
same steps as above. 

In practice, the algorithm is easy to implement and con- 
ists of two steps: (i) running a sequence of period-by-period OLS 
22. One can apply alternative series-function approximations, using alterna- 
ive basis functions such as Fourier, spline, or wavelets. The results here gen- 
ralize to such alternative nonparametric methods subject to modified regularity 
ssumptions on the expenditure function and the distribution of real consumption 

cross consumers (Newey 1997 ). 

bruary 2024
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regressions to recover the true cost-of-living index as a function
of real consumption; (ii) summing up period-specific OLS coeffi-
cients from the base to the current period, evaluating the nonho-
motheticity correction, and applying the update in equation (24) . 

i. Sources of Error and Algorithm Refinement. In addition to
the first-order discretization error introduced in equation (22) ,
Algorithm 1 includes two additional sources of error. First, by
performing a Taylor expansion of the true cost-of-living function
Pt ,t +1 (·) around cn 

t in equation (23) , we have introduced an ad-
ditional error of the same order as the growth in real consump-
tion (in turn of order 	y ). Although this choice simplifies the algo-
rithm, we can refine the algorithm to remove this error from the
analysis by first evaluating equation (22) at points cn, (� ) 

t+1 that be-
come successively closer to cn 

t+1 as � increases and, second, apply-
ing the Taylor series expansion around the previous point cn, (� −1) 

t+1 .
Considering the limiting case χt+1 (cn, (� ) 

t+1 ) → yn 
t+1 , we can write the

latter’s expansion as 

log Pt ,t +1 

(
cn, (� ) 

t+1 

)
= log yn 

t+1 − log χt 

(
cn,( �) 

t+1 

)

= log 

( 

yn 
t+1 

yn, (� −1) 
t 

) 

−
∂ log χb 

t 

(
cn, (� −1) 

t+1 

)
∂ log cn, (� −1) 

t+1 

log 

( 

cn, (� ) 
t+1 

cn, (� −1) 
t+1 

) 

+ O
(
ε2 ) , 

(28) 

where we have defined yn, (� −1) 
t ≡ χb 

t (c
n, (� −1) 
t+1 ) and the error ε ≡

| log (cn, (� ) 
t+1 /cn, (� −1) 

t+1 ) | can now be made arbitrarily small as we it-
erate over � . 

The second source of error stems from the nonparametric es-
timation step. In particular, Algorithm 1 makes the simplifying
choice to directly estimate the true cost-of-living index Pt ,t +1 (·)
as a function of real consumption in each period t . In applying
this step, the algorithm combines two distinct sources of error:
(i) the sampling error in estimating function π+ 

t (·) , due to the
finite-sample cross-sectional data; and (ii) the error in the es-
timates of real consumption in periods away from the base,
which leads to a measurement error problem (error-in-variables)
in estimation. We can refine the algorithm by separating the
two stages: first, nonparametrically estimate the geometric in-
dex function π+ 

t (·) in each period using the cross-sectional data on
geometric indices; second, nonparametrically fit the mapping χ t (·)
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or each successive period as a function of real consumption esti- 
ates recovered in that period. Online Appendix Algorithm A.1 

ombines this strategy with the Taylor series approximation in 

quation (28) to provide a refinement of our first-order algorithm. 
nline Appendix A.1.2 further discusses the sources of approxi- 
ation error in this algorithm. 

5. Second-Order Algorithms. In parallel to the approach just 
aid out, relying on the first-order approximation of our key dif- 
erential equation in equation (18) , we can similarly construct 
lgorithms that instead rely on the second-order approximation 

n equation (19) . Online Appendix Algorithm A.3 uses an iter- 
tive structure to achieve this second-order approximation. Re- 
all that Algorithm 1 evaluates the nonhomotheticity correction 

nly at the current period’s level of real consumption, ̂ �t+1 ( ̂  ct ) , 
o approximate the real consumption growth 

ct+1 
ct 

. In contrast, our 
econd-order algorithm also evaluates the nonhomotheticity cor- 
ection function at the next period’s level of real consumption, ̂ t+1 ( ̂  ct+1 ) . As a result, the algorithm further involves solving for 
 fixed-point problem in each period to update the value of real 
onsumption in successive periods. Online Appendix Algorithm 

.4 provides a refinement of the second-order algorithm, along 

he same lines as we discussed above. 

6. Other Extensions. We discuss three additional extensions 
f our baseline and refined algorithms. 

i. Alternative Algorithms. Algorithms 1 and A.3 approximate 

he nonhomotheticity correction by nonparametrically estimating 

he elasticity of the mapping χb 
t (c ) from expenditure to real con- 

umption. We favor this approach, since it intuitively and trans- 
arently establishes the link between cross-household inequality 

n cumulative inflation and the nonhomotheticity correction. An 

lternative approach is to approximate the nonhomotheticity cor- 
ection by nonparametrically estimating the elasticity of the in- 
erse mapping, ˜ χb 

t ( y) . Online Appendix Algorithm A.2 and Algo- 
ithm A.5 provide first- and second-order schemes based on this 
lternative approach. In Section II.D below, we provide a com- 
arison of the approximation errors among all of our alternative 

lgorithms. 
Finally, as another example, subsequent to our work 

aqaee, Burstein, and Koike-Mori (2024) have presented a 

https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
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different alternative to our benchmark first-order algorithm. In
Online Appendix B.3, we establish the tight theoretical con-
nection between their approach and ours. We provide evidence
using synthetic and real-world data that in practice their ap-
proach leads to results that are similar to those produced by
Algorithm 1 . 23 

ii. Alternative Price Index Formulas. We can generalize
the results of Lemma 3 , and thus the first- and second-order
Algorithms 1 and A.3, to index formulas beyond geometric and
Törnqvist. The following proposition states this result formally. 

PROPOSITION 2. If the expenditure function E (·;·) is second-order
continuously differentiable in all its arguments, then the
price index formulas defined in Section II satisfy 

log PG 

( p t , s t ; p t+1 , s t+1 ) = log PI ( p t , s t ; p t+1 , s t+1 ) + O
(
	2 ) , 

I ∈ {
P, L, T, F, S

}
, 

log PT ( p t , s t ; p t+1 , s t+1 ) = log PI ( p t , s t ; p t+1 , s t+1 ) + O
(
	3 ) , 

I ∈ {
F, S

}
, 

where 	 ≡ max { 	y , 	p } with 	y and 	p defined as in
equation (15) . 

Proof. See Online Appendix B.4. 

One implication of Proposition 2 is the classification of price
index formulas into two groups: the first group (composed of geo-
metric, Laspeyres, and Paasche index formulas) provides a first-
order approximation to the true price index, whereas the second
group (composed of Törnqvist, Fisher, and Sato-Vartia) provides
a second-order approximation. To reflect the accuracy of the ap-
proximations for each group, we refer to the first group of index
formulas as first-order index formulas and to the second group as
second-order index formulas. 

It follows that the results of Lemma 3 for first- and second-
order approximations extend to any formulas in the first- and
second-order family of indices, respectively. For instance, the
23. For the results in the case of synthetic data, see Online Appendix C.2, 
and for those in the case of real U.S. data, see Section III and Online Appendix 
Figure E.9. 

ry 2024
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ato-Vartia or the Fisher index between periods t and t + 1 ap- 
roximates the true price index between these two points for the 

orresponding level of real consumption specified in Lemma 3 . 
oreover, we can replace the Törnqvist index with the Sato- 

artia or Fisher index in our second-order algorithm. We rely on 

hese extended results in our empirical exercise in Section III 
here, due to data limitations, the most natural choice for a 

econd-order index is the Fisher index. 

iii. Observable Heterogeneity in Consumer Characteristics. 
ur method requires us to infer the relationship between the true 

rice index and total expenditure from the cross-household re- 
ationship between price index formulas and total expenditures 
e.g., step (i) of Algorithm 1 ). However, the observed relation- 
hip between household-level price indices and household ex- 
enditures may in principle be confounded by other factors, for 
xample, household age or education. To alleviate this potential 
oncern, we can (nonparametrically) control for observable covari- 
tes in this step of the algorithm. However, to build a theoreti- 
ally consistent account of the potential dependence of consumer 
references on characteristics beyond income, we need to general- 
ze our concept of real consumption. As we discuss in Section IV , 
uch a generalization leads to further corrections in our standard 

easures of real consumption, beyond the nonhomotheticity cor- 
ection, to account for the effect of potential changes in consumer 
haracteristics on consumer welfare over time. 24 

7. Discussion. As discussed already, Lemma 3 and 

roposition 2 together classify common price index formulas 
nto two first- and second-order groups, based on the accuracy 

f the approximations they provide for true price indices under 
rbitrary underlying preferences. Our approach thus differs 
rom the standard treatment of index formulas, which classifies 
ndex formulas based on the underlying family of preferences for 
hich they provide exact measures of true price indices (Diewert 
993 ). For instance, the Törnqvist price index is exact for the 

amily of preferences that lead to a translog unit cost function. 25 
24. Empirically, we find that the results from our baseline algorithm are 
obust to this extension. 

25. As for other examples, the Laspeyres and Paasche indices are exact for 
eontief utility functions, and the geometric and Sato-Vartia index formulas are 

ruary 2024
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Unlike our approach, the concept of exact price indices requires
specifying the underlying form of the preference functions. 

One crucial step is to define, as in Diewert (1976) , the Fisher
and Törnqvist price indices as “superlative” price indices, on the
grounds that they are exact for families of preferences that can
provide a second-order approximation to other homothetic pref-
erences, namely, the quadratic and the translog family, respec-
tively. In line with this insight, Diewert (1978) has shown that
alternative choices of superlative indices, when chained, lead to
very similar estimates for the changes in cost of living and real
consumption in practice. Lemma 3 and Proposition 2 formalize
these classical insights and generalize them to include the Sato-
Vartia index. Instead of establishing the exactness of different
index formulas for distinct families of preferences that may ap-
proximate general preferences, the lemma provides bounds on
the approximation error of the reduced-form indices for arbitrary
preferences. 26 

As mentioned, these classical results do not allow us to pro-
vide precise approximations of real consumption growth over long
time horizons beyond the case of homothetic preferences. 27 By
solving this problem, our approach offers a substantial general-
ization of index number theory to nonhomothetic preferences. 

II.D. Simulation 

We perform a simple simulation to illustrate and validate the
accuracy of our algorithms in accounting for the effect of nonho-
motheticity when measuring real consumption growth. 

Comin, Lashkari, and Mestieri (2021) have shown that the
nhCES preferences lead to a demand system compatible with the
cross-sectional relationship between household income and the
composition of expenditure among three main sectors of the econ-
omy: agriculture, manufacturing, and services. Following their
exact for Cobb-Douglas and CES utility functions. The Fisher price index is exact 
for the family of preferences that lead to quadratic unit cost functions. 

26. In line with equation (17) , Diewert (1976) shows that the Törnqvist index 
is exact for the family of nonhomothetic preferences characterized by a translog 
expenditure function, for the true index under the level of real consumption spec- 
ified in Lemma 3 . 

27. Samuelson and Swamy (1974) provide examples showing how classical 
price indices fail under nonhomotheticity. 

ser on 19 February 2024
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pecification, we assume that the expenditure function satisfies: 

29) E ( u ; p t ) ≡
⎛ ⎝ 

∑ 

i ∈{ a,m,s } 
ψi 
(
uεi pi,t 

)1 −σ

⎞ ⎠ 

1 
1 −σ

. 

e use the same parameters as in Comin, Lashkari, and Mestieri 
2021) : ( σ , εa , εm 

, εs ) = (0.26, 0.2, 1, 1.65), implying that services 
re luxuries (income elasticities exceeding unity) and agricultural 
oods are necessities (income elasticities lower than unity). We 

onsider a population of a thousand households with an initial 
istribution of expenditure that is log-normal, with a mean corre- 
ponding to the average U.S. per capita nominal consumption ex- 
enditure of $3,138 in 1953 and a standard deviation of log expen- 
iture of 0.5 (Battistin, Blundell, and Lewbel 2009 ). We consider 
 horizon of 70 years and assume that over this horizon nominal 
xpenditure grows at the constant rate of 4.48% a year, in line 

ith the U.S. data for 1953–2019. In each case discussed below, 
e choose the fixed sectoral demand shifters ψ i in equation (29) 

n such a way that in the first period the composition of aggregate 

xpenditure fits the U.S. average shares of sectoral consumption 

n the three sectors in 1953. 28 

To examine the role of the covariance between price inflation 

nd income elasticities, we consider a simple, purely illustrative 

imulation. We set the inflation rate in the manufacturing sec- 
or to be 3.19%, to match the average inflation rate in the United 

tates over 1953–2019. We consider two illustrative cases featur- 
ng either positive or negative covariances between inflation and 

ncome elasticities. To study the case with a positive covariance, 
he inflation rate is set to be 1 percentage point higher in services 
nd 1 percentage point lower in agriculture compared to manu- 
acturing, leading to the inflation rates of 4.19% in services and 

f 2.19% in agriculture. To illustrate the case of a negative co- 
ariance, we reverse these parameters, setting inflation rates to 

.19% in services and 4.19% in agriculture. The resulting rates of 
rowth in average real consumption in the simulated data in the 

ositive, zero, and negative covariance cases are 0.7%, 1.3%, and 

.9% per year, respectively. 
28. The corresponding shares in the United States based on the Bureau of 
abor Statistics data are 0.14, 0.27, and 0.59 for Agriculture, Manufacturing, and 
ervices, respectively. 

ry 2024
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(A) (B)

(C) (D)

FIGURE I 

Illustrative Simulation of the Evolution of Average Real Consumption 

The figures compare the evolution of the true value of average real consump- 
tion with two different approaches to approximating this value: (i) the average of 
the uncorrected nominal real consumption growth deflated by household-specific 
geometric price indices, and (ii) applying the nonhomotheticity correction using 
the first-order algorithm. The panels show the resulting series for the choices of 
base period (A) b = 0 and (B) b = 70 with a positive income elasticity-inflation 

covariance and (C) b = 0 and (D) b = 70 with a negative covariance. 
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Given the known structure of the underlying preferences,
this example allows us to compute the true values of real con-
sumption for each household and assess the accuracy of our
algorithms. Relying only on the simulated data, we also apply
the standard uncorrected deflation of nominal consumption ex-
penditure for each household to assess the magnitude of the bias
in the uncorrected measures. 

Figure I reports the results. We compare the evolution of
the average measures of real consumption across the simulated
population over time with the two different approximations.
First, we see that the conventional approach based on chaining
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ncorrected measures of nominal expenditure growth deflated by 

he Törnqvist index leads to sizable bias depending on the choice 

f the base period and/or the covariance between price inflation 

nd income elasticities. While errors accumulate in the uncor- 
ected chained values, applying our first-order nonhomotheticity 

orrection yields results that are virtually indistinguishable from 

he true evolution of real consumption based on the underlying 

references. Thus, our approach accurately recovers the evolution 

f the true index without the knowledge of the parameters of the 

emand system. 
In Online Appendix C, we provide an illustration of the evo- 

ution of the expenditure function in our simulation over time 

nd compare it against a homothetic benchmark. This analysis 
emonstrates how changes in the curvature of the expenditure 

unction translate into biases in the uncorrected measures of real 
onsumption growth. The Online Appendix further provides a de- 
ailed analysis of the size of the approximation error under our al- 
ernative algorithms, and extends the simulation to a wider range 

f values for the covariance between price inflation and income 

lasticities. 

III. EMPIRICS 

In this section, we apply our approach to data from the 

nited States and quantify the magnitude of the bias in conven- 
ional measures of real consumption growth. 

II.A. Data and Descriptive Statistics 

1. Data. To assess the empirical importance of the nonho- 
otheticity correction, we build a dataset providing total expendi- 

ures and expenditure shares at a granular level, across 598 items 
rom the CEX. These items, called universal classification codes 
UCCs), are defined by the Bureau of Labor Statistics (BLS) and 

over the entire consumption basket of households in the United 

tates. We obtain price changes for each item using CPI price se- 
ies combined with the official concordance provided by the BLS 

or active UCCs, which we extend manually in prior years for 
CCs that were discontinued. Online Appendix D provides a com- 
lete description of the steps we take in the construction of the 

ata. 
Using the CEX micro-data, we obtain expenditure patterns 

nd sociodemographic characteristics at the household level. We 

https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
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then aggregate the household-level data to the level of pretax
income percentiles. We thus obtain expenditure patterns that
vary across income percentiles, which we use to compute the in-
come elasticity of inflation. We also use this data set to measure
consumption growth rates across income percentiles. To ensure
that the patterns of consumption are consistent with national ac-
counts at the aggregate level, we reweight the data series so that
aggregates match the official aggregate personal consumption ex-
penditures provided by the Bureau of Economic Analysis (BEA). 29 

Our analysis is thus fully consistent with macroeconomic aggre-
gates and extends the logic of the distributional national accounts
(Piketty, Saez, and Zucman 2018 ) to a setting allowing for the
computation of inflation inequality. 

Prior to 1984, the data require special treatment since CEX
household-level data and CEX expenditure summary tables by
product category and sociodemographic groups are no longer
available, except in 1972 and 1960. We use these two data points
to interpolate the data for missing years. Prior to 1960, we use our
first-order approximation to the correction for nonhomotheticities
to extrapolate expenditure shares back to 1955, and we obtain
the growth rate of aggregate consumption expenditures from the
BEA. 30 Given the data limitations before 1984, we present two
sets of results, first focusing on the period from 1984 to 2019 for
which high-quality CEX data are available annually, and then a
longer historical analysis going back to 1955. 

2. Descriptive Inflation Statistics. This new linked data set
allows us to provide evidence on inflation inequality over a long
time horizon, thus extending prior estimates that have focused
on much shorter time series. Computing inflation using group-
specific price indices, we find that inflation inequality is a long-
run phenomenon. Figure II , Panels A and B report aggregate and
heterogeneous inflation patterns between 1984 and 2019, using
chained geometric price indices. While Panel A shows that the
cumulative inflation rate with aggregate expenditure shares is
about 120%, Panel B reports that inflation was higher for lower-
income groups, ranging from 140% at the bottom to 110% at the
29. See Online Appendix D for a detailed description of this step. As described 
there, we also ensure that our data set perfectly matches the official CEX sum- 
mary tables published by the BLS by product categories and income quintiles. 

30. See Online Appendix D for a detailed description of this step. 

uary 2024
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(A) (B)

(C) (D)

FIGURE II 

Descriptive Inflation Statistics 

This figure describes inflation patterns in our data. Panel A reports inflation 

from 1984 to 2019 using aggregate expenditure shares. Panel B shows hetero- 
geneity in cumulative inflation rates between 1984 and 2019 by pretax income 
percentiles. In this panel, price indices are built using expenditure shares that 
are specific to each pretax income percentile. Panels C and D repeat the analy- 
sis for a longer period, from 1955 to 2019. All panels use chained geometric price 
indices. 
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op. Thus, over the course of these 35 years, a gap of around 30 

ercentage points has opened up in the chained geometric in- 
ices between the lowest- and highest-income groups. This find- 
ng is consistent with the growing literature on “inflation in- 
quality,” the fact that inflation rates are higher for lower-income 

ouseholds (e.g., Kaplan and Schulhofer-Wohl 2017 ; Jaravel 2019 ; 
rgente and Lee 2021 ). Although this literature focuses on post- 
000 patterns, our data show that this trend persists over several 
ecades. 

Furthermore, Panels C and D extend the analysis back to 

955, showing that inflation inequality also existed over this 
onger time horizon. We find that on average over the 1955–
019 period, the annual inflation rate was about 35 basis points 
ower for the top relative to the bottom of the income distribution. 
his sustained difference in inflation leads to a gap of about 175 

ercentage points in cumulative inflation over the period, which 

aries from 700% at the top to 875% at the bottom of the in- 
ome distribution. To the best of our knowledge, this article is the 
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first to build a data set with disaggregated consumption patterns
providing evidence on inflation inequality for a period of nearly
65 years. 

Online Appendix Figure E.1 reports additional descriptive
patterns on the dynamics and magnitude of inflation inequality
over time. 31 Inflation inequality was strongest after 1995, weak
between 1984 and 1995, and significant between 1955 and 1984. 32 

III.B. Main Estimates 

1. Analysis from 1984 to 2019. We first implement
Algorithm 1 using our main data set and the geometric price in-
dex formulas, leveraging the observed expenditure patterns and
prices for each income percentile from 1984 to 2019. As we saw
in Section II , the negative covariance between household income
and price indices shown in Figure II implies that the uncorrected
measures of real consumption should underestimate the values
of real consumption under any fixed base period. Indeed, this is
what we find in Figure III , Panel A, which reports the bias in the
average level of average real consumption, absent the nonhomo-
theticity correction, both under the initial and the final periods as
the base. 33 

Using 1984 prices as the base, we find that the level of aver-
age real consumption (per household) is underestimated by about
1.5% in 2019. Mechanically, the bias in the level of real consump-
tion is very small in the first few years after 1984. It grows grad-
ually as the negative covariance between inflation and household
income leads to a gradual change in the curvature of the expendi-
ture function relative to the base year. Likewise, the panel shows
31. Note that although the cumulative level of inflation inequality shown in 

Figure II is economically meaningful, it is smaller than the deviations we consid- 
ered in the illustrative example in Section II.D . 

32. Explaining these patterns of inflation inequality falls beyond the scope 
of this article, but we note that they are consistent with several mechanisms that 
were proposed in recent work. For example, demand-driven theories of directed in- 
novation can lead to inflation inequality in periods of sustained economic growth, 
such as the postwar period, with a stronger effect when inequality is rising, as in 

the 1990s and 2000s (see Jaravel 2019 ). 
33. Algorithm 1 is implemented using each pretax income percentile cell as 

one observation in the cross section, and we then average the results. We use 
a second-order polynomial ( K = 2) and show in sensitivity analyses below that 
the results remain similar for any K � 1. As already mentioned, we report the 
measures of average real consumption across households as a way of summarizing 
the results, without taking a stance on a welfare function (see note 5 ). 

 of Econom
ics user on 19 February 2024
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(A) (B)

FIGURE III 

Nonhomotheticity Correction and Bias in Average Real Consumption, 1984–2019 

This figure reports the biases in the level of average real consumption per house- 
hold, in Panel A, and in annual growth in real consumption per household, in 

Panel B. The bias is computed by applying Algorithm 1 to obtain the nonhomoth- 
eticity correction. We then compare conventional measures of real consumption to 
corrected measures. In Panel B, the bias is expressed as a percentage of the stan- 
dard homothetic measure of current-period growth. Algorithm 1 is applied to our 
main data set at the level of pretax income percentiles, using geometric price in- 
dices. We then average percentile-level results to obtain average real consumption 

per household. 
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hat, using 2019 prices as the base, the level of real consumption 

n 1984 is underestimated by about 3.2%. Thus, due to the nonho- 
otheticity correction, at any point other than the base period we 

nd that consumers are actually better off than what is implied 

y standard uncorrected measures. Intuitively, when we look into 

he past from the perspective of today’s prices, we observe that 
i) households were poorer 30 years ago and (ii) necessities were 

heaper, which implies that consumer welfare 30 years ago was 
igher than that reported in conventional measures that ignore 

hanges in the relative price of necessities and luxuries. Symmet- 
ically, looking at today’s economy from the perspective of prices 
n a distant period in the past, we observe that (i) households got 
icher and (ii) luxuries got cheaper; therefore welfare is higher 
han that reported in conventional measures that do not account 
or nonhomotheticity. 

As shown in Figure III , Panel A, the nonhomotheticity bias 
ffecting the level of real consumption has the same sign regard- 
ess of the base year for prices. In contrast, the nonhomothetic- 
ty bias in the growth of real consumption does depend on the 

hoice of base year. To see why, note that with 1984 prices as 
he base, real consumption growth is underestimated, because 
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real consumption in the future is underestimated by the conven-
tional measure without the nonhomotheticity correction. Sym-
metrically, with 2019 prices as the base, growth is overestimated
because the level of real consumption is underestimated in all
past periods. Panel B of Figure III reports these results, express-
ing the size of the bias as a share of measured growth. 34 With
1984 prices as the base, the conventional measure underesti-
mates real consumption growth by about 7.5% in 2019. Taking
2019 prices as the base, the conventional measure overestimates
real consumption growth by approximately 7.5% in 1984. 

It is also instructive to examine the disaggregated patterns
for the nonhomotheticity correction across pretax income per-
centiles. Figure IV plots these results. Panel A reports the bias
in annual growth in real consumption for each income percentile.
Panel A(i) focuses on growth in 2019, with 1984 prices as the
base. 35 We find that the correction is larger for low-income groups:
the annual growth in real consumption in 2019 is underestimated
by 10% at the bottom of the income distribution, and only by 4%
at the top. Symmetrically, Panel A(ii) shows that with 2019 prices
as the base, annual growth in 1984 is overestimated by about 9%
at the bottom of the income distribution compared with 6% at the
top. 

Panels B(i) and B(ii) consider the biases for the levels of real
consumption. The two panels show that the nonhomotheticity cor-
rection in levels is very similar across all income percentiles, with
some noise inherent in survey data on expenditures. The effects
in levels take into account the combination of annual corrections
and percentile-specific growth rates, as accumulated over the full
period. 

Thus, the first key takeaway from our analysis is that the
nonhomotheticity correction can be sizable, and, given the ob-
served patterns of inflation inequality, it generally implies that
welfare over time is higher than commonly thought. The extent
of the resulting bias in the level of real consumption is similar
34. For each income percentile n , the annual bias in real consumption is de- 
fined as the difference between the uncorrected measure, 	 log yn 

t − πn 
t , and the 

corrected measure, 	 log cb,n 
t . Using the approximation in equation (24) , we de- 

fine the bias as λn 
t ≡ 	 log yn 

t −πn 
t −	 log cb,n 

t 
	 log yn 

t −πn 
t 

= �b 
t (c ) 

�b 
t (c )+1 

. We compute the bias for each 

percentile and then average over all income percentiles. 
35. The biases are expressed as a share of measured growth, as given by λn 

t 
defined in note 34 for each percentile n in 2019. 

 on 19 February 2024
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A:

B:

FIGURE IV 

Nonhomotheticity Correction and Biases in Real Consumption by Income 
Percentiles 

This figure reports the biases in measures of real consumption due to the nonho- 
motheticity correction. The results for the annual growth in real consumption are 
depicted using 1984 prices as the base in Panel A(i) and 2019 prices as the base in 

Panel A(ii). Panel B reports the result for the bias in the level of real consumption. 
All panels use geometric price index formulas. 
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cross income percentiles. Online Appendix Figure E.2 confirms 
his finding by reporting the chained index formula, �t π

n 
t , com- 

ared with the corrected nonhomothetic deflator, yn 
t 

cn 
t 
: the correc- 

ion is similar in magnitude for all pretax income percentiles. To 

ssess the quantitative relevance of the nonhomotheticity correc- 
ion, it is instructive to compare its size with other sources of 
ias. In Online Appendix Figure E.3, we find that the size of the 

onhomotheticity correction is of the same order of magnitude as 
he divergence between percentile-specific homothetic indices and 

he average homothetic index, which highlights the quantitative 

elevance of the nonhomotheticity correction. 

https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
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(A) (B)

(C) (D)

FIGURE V 

Nonhomotheticity Correction and Bias in Average Real Consumption, 1984–2019 

This figure reports the biases in the level of average real consumption per house- 
hold (Panel A) and in annual growth in real consumption per household (Panel B). 
The bias is computed by applying Algorithm 1 to obtain the nonhomotheticity cor- 
rection at the level of pretax income percentiles; we then average percentile-level 
results to obtain average real consumption per household. Panels C and D report 
patterns of cumulative real consumption growth depending on the price index. All 
panels use geometric price indices. 
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2. Analysis from 1955 to 2019 . Next we extend the analysis
back to 1955, reporting the results in Figure V . 36 Panel A reports
the bias in levels; the patterns are identical to Figure III after
1984. With 1984 prices as the base, we find that the level of real
consumption is underestimated by about 2% in both 1955 and
2019 due to the nonhomotheticity correction. As a result, the
conventional measure of cumulative real consumption growth
between 1955 and 2019 is not meaningfully affected by the
36. As explained in Online Appendix D, due to data limitations (i) we assume 
the expenditure shares observed in 1960 remain constant for 1955–1960, and (ii) 
we interpolate expenditure shares between 1960 and 1972, and between 1972 and 
1984. 

ruary 2024
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onhomotheticity correction, simply because the two biases in 

evels in 2019 and 1955 turn out to be of the same magnitude. 37 

With 2019 prices as the base, the nonhomotheticity correction 

ecomes particularly large as we go back in time, because infla- 
ion inequality exists throughout the entire period and the non- 
omotheticity correction accumulates over time. In 1955, aver- 
ge real consumption (per household) is underestimated by about 
1.4% by the uncorrected measure. This finding shows that the 

onhomotheticity correction can become large over long time hori- 
ons, depending on the choice of base prices. 

Furthermore, Figure V , Panel B documents the bias in an- 
ual growth due to the nonhomotheticity correction. With 1984 

rices as the base, the bias before and after 1984 changes sign. 
pecifically, it ranges from a positive bias of 5% in 1955 to a neg- 
tive bias of −7% in 2019. In contrast, with 2019 prices as the 

ase, the bias in annual consumption growth is always positive 

nd becomes large as we go back in time, approaching 15% in 

955. 
To better appreciate the magnitude of the nonhomotheticity 

orrection, Figure V , Panel C reports cumulative consumption 

rowth per household between 1955 and 2019; Panel D reports 
he same patterns by annualizing consumption growth. The stan- 
ard uncorrected measure of cumulative consumption growth is 
70% over this period, or 2.07% growth annually. With 1984 

rices as the base, the nonhomotheticity correction leaves these 

atterns almost unchanged, implying a cumulative consumption 

rowth of 267%. With 2019 prices as the base, the difference be- 
omes large: cumulative consumption growth falls to 232%, or 
n annualized growth rate of 1.89% a year. Intuitively, from to- 
ay’s perspective, consumer welfare in the past was higher than 
37. More generally, the biases in uncorrected measures are likely to vanish 

or some base period between any given initial and final periods in environments 
n which inflation always varies monotonically in income in the cross section and 
ominal expenditure growth and inflation rates are stable over time. In such case, 

ust like the case in Figure V , Panel A, the nonhomotheticity correction changes 
ign before and after the base period (see Figure V , Panel B), and thus cancels 
ut when the base period is somewhere in the middle of two periods under con- 
ideration. However, note that this bias-free base period varies depending on the 
pecific choices of these initial and final periods. In this example, while there is 
ittle bias for comparing average real consumption between 1955 and 2019, the 
omparison between 1955 and 1984 leads to an overestimation of the growth in 

eal consumption. 

onom
ics user on 19 February 2024
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conventionally thought, because income was lower in the past
and necessities were relatively cheaper. Hence, real consumption
growth was smaller than conventionally thought. 

With 2019 prices as the base, the nonhomotheticity correc-
tion reduces the annual growth rate by 18 basis points, which is
larger than the observed difference of 11 basis between Laspeyres
and Paasche indices over the same time horizon. Online Appendix
Figure E.4 reports the patterns for the Laspeyres and Paasche
indices. Cumulative real consumption growth was 277% with the
Paasche index, compared with 254% with Laspeyres, a gap of 23
percentage points. By comparison, the nonhomotheticity correc-
tion induces a gap of 38 percentage points relative to the con-
ventional measure. These results show that the magnitude of the
nonhomotheticity correction can be as large as the well-known
“expenditure-switching bias” (or “substitution bias”) affecting the
Laspeyres and Paasche indices, which demonstrates its quantita-
tive relevance. 

III.C. Sensitivity Analysis 

We conduct several tests to assess the robustness of our find-
ings. We first examine the sensitivity of our results to alterna-
tive price indices, the second-order algorithm, and the inclusion
of controls, using the same data set as in our baseline specifica-
tions. We build alternative data sets to assess the stability of the
results depending on data construction choices and the level of
aggregation of expenditure data. 38 

1. Alternative Algorithms, Indices, and Controls . We imple-
ment several sensitivity tests using the same data sets as in our
baseline specifications. First, we assess the stability of the results
when using a Fisher price index formula along with our first-
order Algorithm 1 , instead of using the geometric index formula.
We examine whether the results change when we use Algorithm
A.3, which implements a second-order approximation. The results
are shown in Figure VI , Panel A: the patterns remain unchanged
with the Fisher index as well as with the algorithm providing a
second-order approximation. 
38. In additional robustness checks, we find that the results remain similar 
when using higher-order polynomials to estimate the income elasticity of infla- 
tion, when keeping expenditure shares fixed at the 1984 or 2019 levels, and with 

quarterly instead of annual data (not reported). 

uary 2024
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A:

B:

FIGURE VI 

Sensitivity Analysis 

This figure reports the biases in the level of average real consumption per 
household due to the nonhomotheticity correction under different specifications. 
Panel A reports the results under alternative price indices, geometric or Fisher, 
with the first-order algorithm, as well as with the second-order algorithm. 
Panel A(i) uses 1984 prices as the base, and Panel A(ii) uses 2019 prices. Panel 
B reports the results with controls, using the geometric index and the first-order 
algorithm. Panel B(i) controls for education, age, and race in the estimation of 
the income elasticity of inflation. Panel B(ii) controls for region (Midwest, North- 
east, West, South), urban versus rural area, gender, and city population size, in 

addition to education, age, and race. 
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Next we assess whether the patterns remain similar when 

ncluding controls. We implement Algorithm 1 as in Section III.B , 
ut we now add controls in the estimation of the income elasticity 

f inflation in constructing the nonhomotheticity correction. We 

rst control for education, age, and race, reporting the results in 

igure VI , Panel B. We introduce additional controls for region 

Midwest, Northeast, West, South), rural versus urban area, 
ender, and city population size. The patterns remain similar 



520 THE QUARTERLY JOURNAL OF ECONOMICS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/qje/article/139/1/477/72692
to those with our baseline specification without controls. Like-
wise, Online Appendix Figure E.5 shows that the annual bias in
growth measurement remains almost unchanged when controls
are included. 39 

2. Sensitivity Analysis with Alternative Data sets . To assess
the sensitivity of our findings to data construction choices, we
build and study four alternative data sets. 40 

To document whether our results are sensitive to aggre-
gation choices, we build two alternative data sets that closely
follow our main data set but use different levels of aggrega-
tion, grouping UCCs into broader categories. First, we create
a version of the data set at the level of the 32 product cate-
gories from CE summary tables, which are available from 1984
to 2019. Online Appendix Figure E.10 reports the results, apply-
ing Algorithm 1 to this data set. The results are very similar to
those obtained with our main data set, with slightly smaller mag-
nitudes due to the higher level of aggregation. 41 

Second, we manually group the 598 UCCs into 114 mutually
exclusive product categories that are continuously available
from 1984 to 2019. The results are reported in Online Appendix
Figure E.11, showing that at this level of aggregation the results
39. The Online Appendix reports additional sensitivity analyses. First, we as- 
sess the sensitivity of our results to the choice of the degree of the polynomial, 
K , when implementing Algorithm 1 . Because the empirical relationship between 

the household-level inflation rate, πn 
t , and log real consumption, log ̂  cn 

t , is approx- 
imately log linear during the period we study, we obtain very similar results for 
any K � 1. Online Appendix Figure E.6 reports the results for K = 1 and K = 3. 
Second, we analyze the data using the alternative algorithms described in the ap- 
pendix, specifically the first-order refined algorithm (Algorithm A.1), the second- 
order refined algorithm (Algorithm A.4), and the algorithms based on estimation 

of the real consumption function to the first order (Algorithm A.2) and second or- 
der (Algorithm A.5). The results are very similar, as reported in Online Appendix 
Figure E.7. Third, we consider a specification controlling for state fixed effects and 
obtain similar results ( Online Appendix Figure E.8). Fourth, we apply the algo- 
rithm of Baqaee, Burstein, and Koike-Mori (2024) to our data ( Online Appendix 
Figure E.9): we find that our baseline algorithm and their algorithm deliver very 
similar results, in line with our theoretical results showing that the two algo- 
rithms are equivalent to the first order. 

40. Online Appendix D provides a complete description of the data construc- 
tion steps. 

41. The fact that the results are slightly weakened with more aggregated 
data was expected since inflation inequality is weaker when working with more 
aggregated product categories (Jaravel 2019 ). 
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re almost indistinguishable from those obtained with the data 

et in our main analysis. 
Moreover, to document the magnitude of the nonhomothetic- 

ty correction with highly disaggregated data, we implement our 
lgorithm for a subset of expenditures for which product-level 
ata are available, using NielsenIQ data covering consumer pack- 
ged goods, or about 15% of aggregate expenditure. This robust- 
ess check is motivated by prior work showing that most of the 

eterogeneity in inflation rates arises at the product level, in de- 
ailed product categories (Jaravel 2019 ). We assess whether us- 
ng product-level data meaningfully affects the size of the bias we 

stimate, at the cost of restricting attention to a subset of total 
xpenditure. To implement this robustness check, we work with 

he NielsenIQ data from 2004 to 2014. Although the data cover 
 shorter time horizon, the annual level of inflation inequality 

s larger and the impact of the nonhomotheticity correction is 
tronger, as shown in Online Appendix Figure E.15. The mag- 
itude of the annual bias in real consumption growth increases 
aster than in our alternative data sets reaching 3% of the uncor- 
ected measure after only a decade. 42 
42. To provide a precise comparison of the magnitude of the biases obtained 
ith the NielsenIQ data, we repeat the analysis with our main CEX-CPI data set 

estricted to the product categories covered in the NielsenIQ data between 2004 
nd 2014. The restricted CPI-CEX sample covers 44 UCC items belonging to the 
ollowing categories: alcoholic beverages; food at home; personal care products; 
ets, toys, hobbies, and playground equipment; sewing machines, fabric, and sup- 
lies; tools, hardware, outdoor equipment, and supplies. The results are reported 
n Online Appendix Figure E.13: we find that the patterns remain qualitatively 
imilar but are attenuated when we use the more aggregate CEX-CPI data. Tak- 
ng 2004 prices as the base, the bias in the level of real consumption in 2014 is 
0.056% with the NielsenIQ data, and −0.016% with the CEX-CPI sample; the 
ias in annual real consumption growth in 2014 is −2.83% with the NielsenIQ 

ata, and −0.78% with the CEX-CPI sample. Thus, the biases are about 3.5 times 
arger with the detailed NielsenIQ data.The divergence between estimates is sim- 
lar when we take 2014 prices as the base. Finally, we run an additional speci- 
cation accounting for the welfare effect of new products in the NielsenIQ data. 
e account for the welfare effects of changes in product variety using a CES price 

ndex, which we compute for each of the 9,131 NielsenIQ product categories us- 
ng the methodology of Feenstra (1994) , which was applied to scanner data in 

roda and Weinstein (2010) and Jaravel (2019) . The biases become larger be- 
ause new goods create larger benefits for higher-income households, lowering 
heir price indices and making the income elasticity of inflation more negative. 
aking 2004 prices as the base, the bias in the level of real consumption in 2014 

s −0.17% when accounting for changes in product variety; the bias in annual real 
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Finally, we implement a robustness test inspired by the
distributional national accounts of Piketty, Saez, and Zucman
(2018) : we discipline our household-level data such that aggregate
expenditure shares match exactly the official CPI consumption
weights used by the BLS for eight product categories. Indeed, the
BLS makes available the aggregate consumption weights used
when calculating the CPI, which may differ from the expendi-
ture shares in the CEX micro-data. 43 These weights are available
at the level of eight consistent product categories from 1955 to
2019. We discipline our household-level CEX micro-data by in-
troducing scaling factors, which are uniform across households
but are allowed to vary across the eight categories, such that ag-
gregate expenditure shares from our micro-data match exactly
the aggregate consumption weights used by the BLS for the eight
product categories. 44 This robustness check thus allows us to in-
fer whether our results are sensitive to data construction choices
about expenditure patterns. We obtain results very similar to
those using our baseline data set, as shown in Online Appendix
Figure E.15. For example, using 2019 prices as the base, the av-
erage level of real consumption per household is underestimated
by 11.7% in this robustness check, compared with 11.4% in the
baseline specification. 

Overall, these robustness checks show that the findings ob-
tained with our baseline data set are not sensitive to data con-
struction choices. Moreover, the finding that the correction is
stronger with more disaggregated data highlights the importance
of using micro-data to accurately measure growth in consumer
welfare with income-dependent preferences. 

IV. MEASURING WELFARE CHANGES WITH OBSERVED 

HETEROGENEITY 

We extend the results of Section II.B to a setting that
includes additional sources of observed consumer characteris-
tics that change over time, beyond income. Examples of such
characteristics include the age and education of consumers, or
consumption growth in 2014 is −7.99% ( Online Appendix Figure E.14). Thus, com- 
pared with our baseline NielsenIQ estimates, the biases are about three times 
larger when accounting for new goods. 

43. The official CPI consumption weights are available at https://www.bls.gov/ 
cpi/tables/relative-importance/home.htm . 

44. See Online Appendix D for a detailed description of this step. 

February 2024
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he number of household members. Focusing in particular on the 

ase of age, we use our theory to quantify the correction to aggre- 
ate real consumption implied by consumer aging in the United 

tates. 

V.A. Correction for Changes in Consumer Characteristics 

Assume that we observe a vector of consumer characteris- 
ics (covariates) x t ≡ ( xdt ) D 

d=1 ∈ RD 

+ 

at time t . 45 We assume that 
onsumer preferences are characterized by a well-behaved util- 
ty function u = U ( q ; x ) that depends on the consumer’s charac- 
eristics. We let y = E ( u ; p , x ) denote the corresponding expendi- 
ure function. As before, we assume a path of prices p t and let 
i,t ( y ; x ) denote the expenditure share on good i for a consumer 

acing prices p t , with total expenditure y and characteristics x . 
e first define our generalized concept of real consumption in this 

nvironment. 

EFINITION 3 (Generalized Real Consumption). For reference 

prices p b (with 0 � b � T ), define real consumption under 
period- b constant prices for a consumer with utility u and 

characteristics x as a monotonic transformation Mb ( u, x ) of 
utility given by 

(30) cb = Mb ( u ; x ) ≡ E ( u ; p b ; x ) . 

efinition 3 generalizes Definition 1 to a setting in which 

references potentially depend on consumer characteristics. We 

annot compare welfare across consumers with different char- 
cteristics because they have distinct preferences. We can still 
ompare the expenditure required by consumers with such dis- 
inct preferences for any level of welfare when they face identi- 
al prices. Therefore, we can state that the real consumption of a 

onsumer with preferences x t with utility ut is higher than that 
f a consumer with preferences x t0 and utility ut0 by the amount 
b 
t − cb 

t0 
≡ Mb ( ut ; x t ) − Mb 

(
ut0 ; x t0 

)
, using reference prices p b . 

Let us investigate the definitions above under two special 
ases. First, if consumer preferences do not change, that is, x t ≡
 t0 , then Definition 3 reduces to Definition 1 , under homogeneous 
references. Second, if prices do not change, that is, p t ≡ p t0 , 
45. The assumption that the elements of the vector are positive valued is 
ithout loss of generality, as we can always transform the characteristic space in 

uch a way that this condition holds. 

024
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the growth in real consumption simply accounts for the growth
in nominal expenditure even if consumer characteristics change,
cb 

t 

cb 
t0 

≡ yt 
yt0 

. 

In parallel to the definitions introduced in Section II.A , we
denote by χb 

t (c ; x ) ≡ E(M−1 
b (c ; x ) ; x ) the mapping from real con-

sumption to expenditure at time t for a consumer with character-
istic vector x . The following proposition generalizes Proposition 1
to account for potential changes in consumer characteristics. 

PROPOSITION 3. Consider a path of prices p t and preferences
that lead to the generalized Divisia index function Dt ( y ; x ) ≡∑ 

i ωi,t ( y ; x ) d log pit 
dt over the interval [0, T ]. The mapping from

real consumption to total expenditure χb 
t ( ·; ·) at time t is

the solution to the following differential equation with initial
condition χb 

b (c ; x ) = c for all x : 

(31) 
∂ log χb 

t ( c ; x ) 
∂t 

= log Dt 
(
χb 

t (c ; x ) ; x 

)
. 

In addition, for any path of total nominal expenditure yt and
vector of characteristic x t over the interval, the growth in real
consumption, defined under period- b constant prices, at any
point in time satisfies 

d log cb 
t 

dt 
= 1 

1 + �b 
t ( ct ; x t ) 

×
[ 

d log yt 

dt 
− log Dt ( yt ; x t ) −

∑ 

d 

�b 
d,t ( ct ; x t ) 

d log xdt 

dt 

] 

, (32) 

where the nonhomotheticity correction function �t (c ; x ) and
the characteristic- d correction function �dt (c ; x ) are given by

(33) 

�b 
t ( c ; x ) ≡ ∂ log χb 

t ( c ; x ) 
∂ log c 

− 1 , �b 
d,t ( c ; x ) ≡ ∂ log χb 

t (c ; x ) 
∂ log xd 

. 

Proof. See Online Appendix B.4. 

Proposition 3 extends the insight behind Proposition 1 to
the case with preferences that depend on consumer characteris-
tics. It shows that the knowledge of the Divisia function is suffi-
cient to uncover the mapping between real consumption and total

https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
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onsumption expenditure. The main difference is that we now 

eed to know how the Divisia function depends both on total con- 
umer expenditure and on consumer characteristics. 

Let us now define the true price index Pb 
t0 ,t (c ; x ) under 

haracteristic-dependent preferences: 

34) Pb 
t0 ,t ( c ; x ) ≡ χb 

t (c ; x ) 
χb 

t0 
(c ; x ) 

, 

hich is a generalization of the definition in equation (3) . This 
ndex measures the growth from period t0 to t in the cost-of- 
iving corresponding to a constant level of real consumption c 
or a consumer with a constant vector of characteristics x . As 
efore, we can express the true price index as log Pb 

t0 ,t (c ; x ) = 

 t 
t0 

log Dτ (χb 
τ (c ; x ) ; x ) dτ . By characterizing the mapping χb 

t (c ; x ) , 
roposition 3 also fully characterizes the true price index in terms 
f the generalized Divisia function. 

Proposition 3 further characterizes the instantaneous growth 

n real consumption. In addition to the nonhomotheticity correc- 
ion, defined just like before, we need the characteristic correction 

unction index �b 
d,t ≡ ∂ log χb 

t 
∂ log x ≡ ∂ log Pb 

b,t 
∂ log x , which captures the elastic- 

ty of the true price index with respect to consumer character- 
stics. This index allows us to account for the effect of changing 

onsumer preferences (through changes in observable character- 
stics) on real consumption. Similar to the nonhomotheticity cor- 
ection function, these characteristic correction functions account 
or the cumulative cross-product covariance between price infla- 
ions and the elasticities of demand with respect to each charac- 
eristic: 

�b 
d,t ( c ; x ) =

∫ t 

b 

[ 

I ∑ 

i =1 

ωi,τ
(
χb 

τ (c ) ; x 

)
ζ b 

i,d,τ (c ; x )
d log pi,τ

dτ

] 

dτ, 

here ζi,d,t (c ; x ) ≡ ∂ log ωi,τ (χb 
τ (c ) ;x ) 

∂ log xd 
accounts for the elasticity of the 

xpenditure share of good i with respect to characteristic d . 
To see the intuition behind these results, consider an ag- 

ng consumer and assume that inflation is on average higher for 
oods that are elastic with respect to age. In this case, over time 

here is an increase in the level of expenditure required to main- 
ain the same level of real consumption for this consumer, due to 

he aging-induced reallocation of expenditure toward goods with 

rices that are rising faster. Holding prices fixed as in the initial 
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period, equation (32) shows that we need to deflate the growth

in nominal expenditure by an additional term, 
∂ log Pb 

b,t (ct ;x t ) 
∂aget 

daget 
dt , to

account for the effect of aging on real consumption growth. Thus,
when reference prices are set as the initial base period, conven-
tional measures of real consumption growth are biased upward
because they do not account for the fact that as people age, the
relative prices of the products they favor increase. As in the case
of nonhomotheticity, the sign of the bias inherently depends on
the choice of the base period for prices. Holding prices fixed in the
final period to express real consumption, conventional measures
of real consumption growth are now biased downward since, going
backward in time, consumers are getting younger and the relative
prices of the products they favor is falling. 

IV.B. Approximating the Characteristic Correction Function 

We generalize Algorithm 1 to account for variations in
observable consumer characteristics and to approximate the
characteristic correction function introduced in Section IV.A .
Online Appendix Algorithms A.6 and A.7 achieve these general-
izations based on first-order and second-order price index formu-
las, respectively. 

The idea underlying our approach is similar to that of
Algorithm 1 : starting in the base period, we nonparametrically
estimate the relationship between the measured price index for-
mulas across consumers and their total expenditures and other
characteristics. Then we use the estimated relationship with to-
tal expenditure and with other characteristics to approximate the
corresponding correction functions. 

IV.C. Application to the Measurement of Real Consumption in 

the United States with Consumer Aging 

In this section, we apply our approach to data from the
United States on aging and quantify the magnitude of the bias
in conventional measures of real consumption growth. 

1. Data and Summary Statistics . To study the effect of con-
sumer aging on real consumption growth, we build another ver-
sion of the data set in our main analysis where cells now corre-
spond to age and income deciles, rather than income percentiles.
Specifically, using the CEX data, in each year we define 10 deciles
of the (pretax) income distribution and, within each income decile,

https://academic.oup.com/qje/article-lookup/doi/10.1093/qje/qjad039#supplementary-data
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(A) (B)

FIGURE VII 

Consumer Aging and Real Consumption 

Panel A of this figure reports the cumulative geometric Laspeyres index, from 

1955 to 2019, for each age decile. Panel B reports the bias in the level of real con- 
sumption per household due to the aging correction, relative to the nonhomothetic 
specification without the aging correction. Algorithm A.6 is applied to our data set 
at the level of “age decile by income decile” units, using geometric Laspeyres price 
indices. We average the results to obtain average real consumption per household 
with the aging correction. 
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e compute 10 age deciles. We then compute average age in each 

f these cells. 46 

Using this data set, we compute inflation rates across age 

roups and find higher inflation rates for older households, as 
hown in Figure VII , Panel A. This panel reports the cumula- 
ive inflation rate by age deciles, using the geometric index be- 
ween 1955 and 2019. The age elasticity of inflation is positive, 
specially for older ages. Between 1955 and 2019, cumulative in- 
ation rates diverge by about 200 percentage points between the 

rst and tenth age deciles. Thus, the relative prices of products 
urchased by younger households have been falling over time. To 

he best of our knowledge, this article is the first to provide evi- 
ence on inflation inequality across age groups over a long time 

orizon. Online Appendix Figure E.16 reports additional patterns 
f inflation across groups, showing that the age elasticity of infla- 
ion is higher at older ages in all periods. 

As reported in Online Appendix Figure E.17, average house- 
old age has been on the rise in the United States, especially from 

970 onward. Therefore, by the logic of Section IV.A , conventional 
46. As in our main data set, we use the data for 1960 and 1972 to interpo- 
ate expenditure shares in other years. Online Appendix D provides a complete 
escription of the data construction steps. 

ry 2024
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measures of real consumption must be biased upward. We pro-
ceed to quantify the magnitude of this bias. 

2. Aging Correction for Average Real Consumption . We apply
Algorithm A.6 to quantify the adjustment to average real con-
sumption implied by consumer aging. Figure VII , Panel B reports
the results. Specifically, we report the deviation in the level of
average real consumption when accounting for aging and nonho-
motheticities, relative to the benchmark measure with only the
nonhomotheticity correction. 47 

Using 2019 prices as the base, we find a meaningful aging
correction: in 1955, the benchmark measure overestimates real
consumption by about 1.2%. Intuitively, households in 1955 were
on average younger than in 2019, and the prices of product cat-
egories purchased predominantly by younger households were
higher. Therefore, society as a whole had lower real consumption
in 1955 than commonly thought; that is, the conventional mea-
sure that does not account for consumer aging is biased upward. 

Using 1984 as the base, the correction becomes much smaller,
although it has the same sign. The benchmark measure overes-
timates real consumption by about 30 basis points in 2019. Intu-
itively, households are on average older in 2019 than in 1984 and
the relative prices of goods purchased by older households have
increased over time; that is, society is worse off in 2019 relative
to conventional measures without the aging correction. 48 

In sum, these patterns illustrate that changes in consumer
characteristics such as age can have a meaningful effect on the
measurement of average real consumption, depending on the
choice of base prices. In the case of aging, the adjustments are
economically meaningful but much smaller than the nonhomo-
theticity correction, which justifies our focus on the latter. Al-
though there is a strong relationship between age and inflation,
the correction to average real consumption implied by aging is
47. In the data set with age-by-income cells used for our analysis in this sec- 
tion, the effect of the nonhomotheticity correction (relative to the standard ho- 
mothetic real consumption measure) is close in magnitude to the bias shown in 

Section III with our baseline data set using income percentiles. 
48. To understand the difference in the magnitude of the aging correction 

depending on the choice of base years, note that the speed of consumer aging is 
slower before the 1980s, and that the covariance between inflation and household 
age is also weaker before the 1980s, as shown in Online Appendix Figures E.16 
and E.17. 

ser on 19 February 2024
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maller than the nonhomotheticity correction primarily because 

he change in average household age over time is relatively slow. 

V. CONCLUSION 

In this article, we extended the results of the classical index 

umber theory to settings in which the composition of demand 

epends on income (nonhomotheticity) and other consumer char- 
cteristics. We developed a procedure for nonparametric measure- 
ent of consumer welfare based on price index formulas, im- 

osing minimal restrictions on the underlying preferences. This 
pproach remains valid under any observable household hetero- 
eneity in preferences, and requires only data on spending pat- 
erns in a cross section of households. 

We showed the practical relevance of the correction for non- 
omotheticities when computing long-run growth in consumer 
elfare. With our correction taking 2019 prices as base, growth in 

onsumer welfare is significantly attenuated in the United States 
n the postwar era, due to the combination of fast growth and 

ower inflation for income-elastic products. The correction reduces 
he annual growth rate from 1955 to 2019 by 18 basis points, 
hich is larger than the “expenditure-switching bias” affecting 

aspeyres and Paasche indices over the same time horizon. Ex- 
ending this analysis to other countries and time periods, as well 
s to the measurement of purchasing power parity indices across 
ountries with preference heterogeneity, is a promising direction 

or future research. 
Our results may have important implications for how na- 

ional statistical agencies around the world construct measures 
f real economic value. The approach suggested here has the po- 
ential to be widely adopted for at least three reasons. First, it has 
 light data requirement. It combines standard price data with in- 
ormation from surveys of consumer expenditures, which are typi- 
ally available to statistical agencies as these surveys are already 

sed in constructing homothetic price indices. In Section III , we 

ffered a blueprint for how the BLS can use data that are already 

vailable to construct improved measures of real consumption 

rowth and inequality in the United States. Second, our approach 

as a light computational burden. In its first-order renditions, 
ur algorithms simply require one cross-sectional regression per 
eriod to construct the required corrections, irrespective of the 

umber of products considered. Our second-order algorithms also 
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converge in a few steps per period when applied to U.S. data.
Third, our approach closely follows the standard practice for con-
structing real economic values by deflating year-on-year growth
in nominal values by price index formulas. Our algorithms con-
struct first- and second-order corrections to these standard for-
mulas to account for the role of income dependence in preferences.
Our approach thus allows statistical agencies to transparently
examine the contribution of the nonhomotheticity adjustments
to their measures. The tight connection between the nonhomoth-
eticity corrections and observed inflation inequality in the cross-
section of households further strengthens the transparency of our
procedure. 

Due to its light computational and data requirements, our
approach can readily be used by statistical agencies to generate
distinct series of real consumption (or panels across different in-
come quantiles) for all base years for which cross-sectional data
are available. Depending on their goals, different data users may
opt to rely on data expressed in terms of different base periods.
For instance, if a government program has determined in a cer-
tain year that households should be eligible for some benefits if
they are below a given consumption threshold (e.g., the poverty
line), then this year constitutes a suitable base year for tracking
household consumption and potential changes in this threshold in
all future years. In contrast, if the goal is to evaluate consumption
growth over long time horizons in a way that could be best under-
stood by households today, using today’s prices offers a suitable
base to express measures of real consumption, insofar as house-
holds are likely to better understand money metrics based on the
prices they currently face. We believe these and other applications
of our framework are fruitful directions for statistical agencies
going forward. 
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