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We derive a seminonparametric utility function containing the constant relative risk
aversion (CRRA) function as a special case, and we estimate the associated Euler
equations with U.S. consumption data. There is strong evidence that the CRRA function is
misspecified. The correctly specified function includes lagged effects of durable goods
and perhaps nondurable goods, is bounded as required by Arrow’s Utility Boundedness
Theorem, and has a positive rate of time preference. Constraining sample periods and
separability structure to be consistent with the generalized axiom of revealed preference
affects estimation results substantially. Using Divisia aggregates instead of the NIPA
aggregates also affects results.
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1. INTRODUCTION

Euler equation estimation, which has become a mainstay of macroeconomet-
rics, attempts to find the utility function of the representative agent. Whether

such an exercise is useful is the subject of some disagreement, with a number
of economists skeptical of the representative-agent framework for well-known

reasons. We do not join that debate here. Our purpose is to examine some condi-
tions that must be satisfied for Euler equation estimation to be valid once one has
accepted the representative-agent framework. Three such conditions occupy our
attention: The data must be consistent with the existence of a well-behaved aggre-
gate utility function, the broad categories of goods (such as nondurables, services,
and durables) used in estimation must be consistent with the utility function’s
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separability structure, and the aggregation method used to construct categories of
goods also must be consistent with that separability structure. A substantial mi-
croeconomic literature discusses conditions for the existence of a utility function,
its separability structure, and methods for aggregating data. However, that litera-
ture generally has been ignored in the Euler equation studies applied to aggregate
data, which typically assume (implicitly) that the relevant conditions are satisfied
and proceed straight to estimation. In this paper we apply the microeconomic liter-
ature to Euler equation estimation. We find that assumptions often made in Euler
equation studies using aggregate U.S. data apparently are invalid, and correcting
the problems has a substantial effect on estimation results.

A necessary condition for using the representative-agent approach is that there
must exist a nonsatiated, continuous, concave, monotonic utility function that is
consistent with the data set under examination. Such a utility function exists if and
only if the data satisfy the Generalized Axiom of Revealed Preference (GARP);
see Varian (1982). Using tests developed by Varian (1983), Fleissig et al. (2000)
find that the U.S. National Income and Product Account (NIPA) consumption data
generally arenot consistent with GARP over the full periods of data availability.
Estimating Euler equations over those sample periods therefore may be invalid.
Over subsample periods for which the data are GARP-consistent, two important
results emerge: First, the aggregate utility function is separable in nondurables and
services but not in durables; second, durables can be aggregated up to two or three
categories of expenditures but not all the way up to one single overall quantity. The
first of these results implies that one cannot estimate Euler equations from a utility
function (or, strictly speaking, a subutility function) that includes only durables; if
durables are to be included, then nondurables and services also must be included.
The second result implies that if durables are included, then one cannot use simply
an overall aggregate of all durables but instead must enter several subaggregates
separately. Also, the method of aggregating the data should be consistent with the
utility function’s separability structure.

Most published Euler equation studies using aggregate data have ignored the
foregoing issues and have used sample periods, separability structures, and/or ag-
gregation methods that apparently are inconsistent with the data. The estimation
results of those studies therefore are of uncertain validity. We explore the sensi-
tivity of the results by restricting attention to GARP-consistent sample periods,
separability structures, and aggregation methods. We find that doing so affects
estimation substantially. We compare results obtained for a standard constant rel-
ative risk aversion (CRRA) function with those obtained for a seminonparametric
(SNP) function that nests that CRRA.

With no restrictions imposed, the CRRA function appears to be adequate, but
as one restricts the sample period, separability structure, and aggregation method
to those consistent with GARP, the CRRA becomes misspecified. In contrast, the
SNP function is not misspecified. The SNP function is essentially free from spec-
ification error (up to a certain structure, discussed later) and allows for nonsepara-
bility between expenditure on durable and nondurable goods. The overidentifying
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restrictions are not rejected, the rate of time preference is significantly positive, and
the utility function is bounded, as required by Arrow’s (1971) Utility Boundedness
Theorem. Lagged durables and possibly lagged nondurables are significant, with
coefficients consistent with habit persistence. Estimates of the index of relative risk
aversion differ considerably across specifications, data frequency, and separability
assumptions. This parameter is central to much applied analysis, such as evaluation
of certain kinds of public policies and assessments of some effects of economic
development. We find that its magnitude can vary by as much as 30 times across
the model specifications we study. We also find that monthly data give results much
different from those for annual or quarterly data, whose results are consistent with
each other, suggesting a possible problem with the use of monthly data.

The rest of the paper is organized as follows: Section 2 presents the model
to be estimated and derives the orthogonality conditions. Section 3 discusses the
data and the issues of GARP consistency, separability, and choice of aggrega-
tion method. Section 4 presents the estimation results. Section 5 concludes the
paper.

2. MODEL TO BE ESTIMATED
2.1. Utility Maximization and Service Flow of Goods

The consumer maximizes the expected value of an intertemporal multigood utility
function

Max & Z B (G s O ) 0<B <1, (1)

s=0

whereg is the discount factog* is a vector of service flows derived from expendi-
ture on the nondurables)( d* is a vector of service flows from the stock of durable
goods k), & () is the conditional expectatidii (- | F;), andF; is the agent’s infor-
mation set at timé. We allow nondurables to generate service flows, both because
many goods classified as nondurable have at least some durability [Darby (1974)
Dunn and Singleton (1986)] and because utility may exhibit habit-persistence.
Equation (1) is fairly general and includes as special cases many formulations
from the literature. We follow the consumption Euler equation literature in ig-
noring leisure and treating income as exogenous to the household’s consumption
choice problent.

The consumer maximizes the expected utility function (1) subject to the period-
by-period budget constraint:

Apr = 1 +r)A+ Y — (€ + paidh),

where A; is assetsy; is incomer; is the interest rate;; is expenditure on non-
durable and services; is expenditure on durable goods, apg is the price of
durables in terms of nondurables. The consumer also must satisfy the terminal
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condition of exactly exhausting the lifetime sources. Using the period-by-period
constraint gives the expected lifetime constraint

00 S o)
£ [yHSH(H m)‘ll =€y
s=0 i=0

s=0

s
(Ctys + Pd.t+s0k+s) H(l + i)
i=0

The possible sources of uncertainty are future incgme future durables prices
Pa.t+s, and future interest rates,s. We assume at timg when the consumer
formulates a consumption plan, that the agent knows the valugsmfandr for
periodt but not for any future periot+ s.

Data do not exist for consumption service flows from durable goods, and so,
we must transform expenditures into service flows. We assume the service flow
from theith nondurable good;},, depends on contemporaneous ahthgged
expenditures og;;:

¢, = V%0, Gto1, ..., Ct_3), 0<J<oo
or, in vector notation,
¢ =f(C. CG-1,...,C—y), 0<J < oo 2

If J =0, thenc;; generates service flows only in the period of purchase and is liter-
ally nondurable. Each durable good evolves according to the usual accumulation

equation
kit — Kit—1 = dit — mikit—1, ©)

wherey; is the rate of depreciation, assumed here to be known ajEiquation (3)
has the solution

kit = [1 — (1 — p)L] *dir. 4)

We assume that the periddervice flow from theth durable goodi; is propor-
tional to the average stock of the good during the period

di = v %(kitfl + ki), 0<9 <1
= vj (Kit—1 + kit) (5)

in which the only unknown variable on the right-hand side.is
Collecting all stocks into vectors gives the vector equivalent of (5):

df = vk + ki-a). (6)
We then can rewrite the utility function as
u*(cf, df) = u(c, ..., Cog; ke + ko) )

by substituting (2) and (6) into (1). We can simplify the discussion without loss
of generality by considering a composite nondurabl@ scalar) and a composite
durable good; (also a scalar). Then, equation (7) simplifies to

ut(cf, df) = u(c, ..., e ke + ko). (8)
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2.2. Seminonparametric Utility Function

We derive a seminonparametric generalization of the CRRA utility function by
assuming that conditions for exact aggregation of individual utility functions are
satisfiec® For example, suppose individual utility is deggaehomogeneous in

and degreéy ink; thatis,u* ishomogeneous of degrée+ 6)y . Then, extracting

c: andk; from (8) results in

u(q, df) = (k) u" (1, G KY)
= (qk!)"w (T KD),

whichis a product of two functions, the first being homogeneous of d¢g§ireé)y
and the other homogeneous of degree zero, wire (¢_1/Ct, Ct—2/Ct, - - -
c_j/¢) and Kt#: (1 + ki_1/k). Taking an affine translation gives

(¢ o) = (k)" w (G KE) +b
and settinga=1/y andb= —1/y gives the utility functiof
(ck?) w(CE KE) —1

o (cf. df) = ;

©)

The resulting utility function thus is homothetic (an affine translation of a ho-
mogeneous function) and so is consistent with the Gorman (1953) conditions for
exact aggregation of individual preferences. Exact aggregation is sufficient but not
necessary for constructing an aggregate utility function.

The functionw(C*#, K¥) is unknown but can be approximated with arbitrary
accuracy by the multivariate polynomial

L
w(Ch K =ag+y? ) AM(CH KH, (10)

A=1

whereA*(C*, K#) is itself a polynomial of all possible terms of ordemn the ele-
ments of(C*, K¥) and the accuracy of the approximation improvek ascreases.
Under the mild restriction that the rati@s n/c; andk;_n/k; (equivalently, the
growth rates o€ andk) are bounded above and below, the multivariate polynomial
is dense in a Sobolev norm. A Sobolev norm requires the function to approximate
globallythe true unknown functioandits derivative$ Approximating derivatives
well is important because the Euler equations are obtained by differentiating the
utility function.® We determine a value farin (10) empirically by standard upward
testing, adding polynomial terms until they are no longer statistically significant.
We can test specific forms of the utility function by restricting the polynomial.
For example, the utility function is the standard (multigood) CRRA iandk
only if w(C*, K*) =1, which requires either that all polynomial coefficients be
zero or thaty =0. In the latter case, the utility function is logarithmic, which is a
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special case of the CRRA. We therefore can test the CRRA through the two null
hypotheses that the polynomial coefficients all are zero and/thed. Failure to
reject either null implies the CRRA.

2.3. Orthogonality Conditions

We derive orthogonality conditions from two equilibrium conditions of the model.
The control variables are current expenditures on nondurables and ducables,
di. Associated with them are two first-order conditions that can be written

E[MUc(t) — MUc(t + Driq] =0 1D

and
MUq(t) — patMUc(t) =0, (12

wherer; equals one plus the interest rate gng is the real cost of durable pur-
chases. Equation (11) is tirgertemporafirst-order condition, equating the disu-
tility of foregoing current consumption; to the expected utility gained from
future consumptio,, ;. Equation (12) is théntratemporalfirst-order condition,
equating the marginal rate of substitution of a unit of nondurable consumption
for a unit of durable expenditure at tinteto the relative price of durables and
nondurables. Equation (11) yields one set of testable orthogonality conditions.
In contrast, equation (12) is not useful directly for deriving testable restrictions.
Because the marginal utility of durables in (12) involves expectations infinitely far
into the future, we follow Dunn and Singleton (1986) and use the related condition

MUg: (t) = pa-t MUc(1), 13

wherepg-+ is the real user cost of durablgsy — (1 — i) (1+ry)"*E¢ pges1. This
condition compresses all expectations about the futurepgto which involves
only an expectation one period into the future.

The orthogonality conditions for our general SNP utility function given by
(9) and (10) are cumbersome, and so, to give an example, we report here the
conditions when (10) is quadratic and nondurables provide service flows for, at
most, two periods (i.eJ = 1). In applications, more lags may be required. Under
this example, the SNP utility function is

(6 =
thl+ ktfl_’_ (011)2+ (Ql) (ktl> n (kt1)2 1
aq— +ap— +ag | — — (—= — —
Yo 2 TR T e W) TR

@) foer

or
[CRRAR][Poly,] — 1
y ,

u*(c*,d*) =
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where CRRAF is the constant relative risk aversion fagttk?)” and Poly is the
quadratic polynomialy (C*, K#). Using (14), we have

63°
MUc(t + ) = & (CRRAF ;) (Poly,., )
+Ss
1
i (CRRAR ;) [0 POlY g,
+ Y B , 1
jz:% 14 0Ct4s (19
where
2
d Poly, s | _ (_1)j+1)’_2 a1(0t+s+i—l) n 2a3<ct+s+J—l>
0Ctys Ct+s Ctts+j Ctts+j

i ki i
+a4<ct+s+1 1>( t+s+j 1)
Citst Kets+j

for j =0 or 1. Substituting (15) into (11) gives the intertemporal orthogonality
condition used in estimation.

The SNP utility function (14) does not contain the service flow varialile
which has been replaced kyandk;_; using (5). We obtain from (14)

1o ) /dPoly, .
MUg-(t) = i—ﬁ(CRRAH)(Pont) +> 8 (CRRAR|) ( ;kyt“ ) (16)
t =0 14 t

where

d Poly,; 1y Kitj—1 Cvj—1) [ Kivj-1
dkt ke | Ket C+ | Ketj
kt+j71 2
o B
" a5( Kit j )

for j =0or 1. Substituting (16) and (15) with= 0 into (13) gives the intratemporal
orthogonality conditions used in estimation.

3. DATA AND SEPARABILITY

Having derived the seminonparametric generalization of the CRRA, we now need
aggregate data to estimate the Euler equations. To keep estimation tractable, we
must reduce the thousands of goods consumed to a small number of aggregates.
We thus must choose a sample period to analyze, a set of aggregates to construct,
and an aggregation method for constructing them.

The typical approach is to use the longest sample period for which data are avail-
able, the groups of goods reported by NIPA (such as nondurables, services, and
durables), and the aggregation method (Laspeyres quantity aggregates) that NIPA
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uses to construct those groups. This approach simply assumes, without any formal
testing, the existence of a well-behaved aggregate utility function with an appro-
priate separability structure. An alternative approach is to examine the properties
of the data with formal tests. Such tests can be either parametric or nonparametric.
Parametric tests [e.g., Eichenbaum and Hansen (1990)] are attractive in that they
are stochastic and have asociated with them the usual well-defined statistics. They
have the limitation that one must write down explicit functional forms to test; fail-
ure to include the true form may lead to meaningless results. Varian’s (1982, 1983)
nonparametric tests have the opposite characteristics. They are attractive in that
they are totally independent of the underlying form of the utility function, but they
have a shortcoming in that they are nonstochastic and so have no associated statis-
tics of significance. None of the three possible specification approaches (no testing,
parametric testing, nonparametric testing) is perfect. We base the analysis in this
study on Varian's nonparametric tests and use the results of Fleissig et al. (2000).
We turn now to a brief discussion of the methodology underlying those constructs.

3.1. Nonparametric Tests

Varian’s (1982, 1983) nonparametric approach tests the existence of a utility func-
tion that “rationalizes” a set of data, that is, that yields the observed consumption
path as the optimal path among all feasible paths. The nonparametric tests do
not depend on the form of the utility function. Varian has provided a computer
program, NONPAR, for conducting the tests.

A limitation of NONPAR, already mentioned, is that the tests are deterministic
rather than statistical. According to the tests, if even a single violation of revealed
preference is found, GARP is rejected. Is one rejection out of the hundreds or
thousands of inequalities imposed by GARP really a rejection? This question
cannot be answered in the usual way of checking against a significance level. No
distribution theory has yet been developed for the NONPAR tests, and so, there
are no confidence intervals or levels of significance for test results. The NONPAR
program tests the sufficient condition but not the necessary condition, making
interpretation of rejections of GARP difficult. In particular, measurement error
could lead to spurious conclusions concerning GARP consistency. However, if
conclusions regarding GARP consistency arise solely from measurement error,
which is random, we would not expect to see them vary in a systematic manner.
We therefore report below the results of Euler equation estimation conducted over
three increasingly GARP-consistent samples and check if the results change in
a systematic manner across the various samples. If they do, it is less likely that
measurement error is the reason for the GARP-inconsistency of the less consistent
sample periods. In fact, the tests show just such systematic behavior, suggesting
that measurement error is not the driving force behind our results.

The derivation of GARP assumes certainty. A rejection of GARP might arise
solely because agents’ state of uncertainty differed in two periods, leading them
to choose different consumption bundles even if they face the same relative prices
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in the two periods. In such a case, our tests would indicate a failure of GARP even
though the true aggregate utility function was unchanged and was consistent with
the data in both periods. If this sort of problem is serious, then our GARP tests
will be largely spurious and should have no systematic relation to the results we
obtain from Euler equation estimation. In particular, we should see no systematic
change in estimation results as we restrict the estimation to sample periods that
are increasingly GARP-consistent. That we do find this kind of systematic change
suggests again that the GARP tests are valid.

The tests have some limitations, but the alternative of not testing at all seems
considerably more limited.

3.2. GARP-Consistency of the NIPA Data

Fleissig et al. (2000) apply NONPAR to the NIPA data on consumption. The GARP
tests require prices for all goods. The relevant price for the stock of durables is the
user cost, which involves expectations about future prices of the goods in ques-
tion. Fleissig et al. examined perfect foresight (assumes the current expected value
equals the realized future value of the random variable), static expectations (as-
sumes the current expected value equals the current realized value, which is optimal
if the random variable is a driftless random walk), and ARIMA models of expecta-
tions. They found that ARIMA models gave negative user costs and yielded results
essentially like those obtained from perfect foresight. We therefore confine atten-
tion to perfect foresight and static expectations in the empirical work that follows.
Therevealed preference tests of Fleissig et al. are for monthly (1959:1-1990:12),
quarterly (1959:1-1990:4), and annual (1929-1990) data. All of the data fail GARP
over the full periods of data availability, except for static expectations for annual
data, but pass over various subsamples. For annual and quarterly data, there are
long GARP-consistent subsamples under both expectations schemes. Under static
expectations, the quarterly (1960:1-1990:4) data, and annual (1929-1990) data
are consistent with GARP. Two subsamples are GARP-consistent under perfect
foresight: quarterly (1960:1-1980:4 and 1981:4-1990:4) and annual (1935-1981
and 1982-1990) data. For monthly data, there is no GARP-consistent subsample of
any econometrically usable length under static expectations, but there is a 20-year
GARP-consistent subsample of 1970:5-1990:12 under perfect foresight.

3.3. Separability of the Utility Function

Weak separability of the utility function is a necessary condition for aggregation.
Goods within a group can be substituted for each other with no regard for the
allocation of goods excluded in that particular group. This kind of substitutability
is justified only if the utility function is weakly separable in the appropriate groups
of goods; see Gorman (1959).

Varian (1983) provides tests of separability, and Fleissig et al. (2000) have ap-
plied them to the NIPA consumption data. For annual data, the utility function is
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separable in (nondurables, services), (motor vehicles), (other autos), and (remain-
ing durables), and for quarterly data the function is separable in (nondurables,
services), (motor vehicles), and (furniture, remaining durables). Thus the utility
function has four arguments with annual data and three with quarterly data. Also,
durables are never separable from nondurables and services, as some of the existing
literature has assumed.

For monthly data, there is no separable utility function, which means no aggre-
gation at all is permissible. This result raises questions about the validity of results
based on monthly data reported in the literature, which generally uses aggregates
of goods that omit durables. Fleissig et al. feel that the monthly data are simply
inadequate for econometric use, and their conclusion is buttressed by Wilcox’s
(1992) closely related criticisms of the data. Despite these difficulties, we use
monthly data to compare the results of our methods with those of the literature and
also with our own results from the annual and quarterly data.

3.4. Aggregation Method

The Commerce Department uses Laspeyres quantity indices to construct the NIPA
datal! but several better aggregation methods exist. One alternative is Divisia
aggregation, which is superlative or exact for a flexible form [Diewert (1976,
1978)], allows for less than perfect substitution, and is derived from the first-
order conditions of consumer optimization; see Barnett et al. (1992). Moreover,
the Divisia index provides a second-order approximation to an arbitrary unknown
aggregator function, whereas the Laspeyres quantity index can only give a first-
order approximation. To see what difference the aggregation method makes, we
compare results from NIPA aggregates and Divisia aggregation.

4. ESTIMATION RESULTS

We turn now to the estimation. We seek answers to three groups of questions: (1)
Are the estimation results affected by imposing GARP-consistent sample periods
and separability structures, (2) does the SNP utility function offer significant im-
provement over the standard CRRA function, and (3) what are the final estimation
results and their implications?

We follow Dunn and Singleton (1986) in scaling the orthogonality conditions
to correct for nonstationarity induced by economic growth. The scaling is done by
dividing (15) and (16) by}’ *k{*®", making the disturbances in (11) and (13)
functions of the ratios, j /Ct, 0+ /d;, andc; /(pqi0h). The disturbances then will
be stationary if purchases of nondurables and durables grow according to geometric
trends. Estimation is by iterated GMM using TSP International. The convergence
criterion is set at 0.0001. To correct for any autocorrelation in the errors, we use
Gallant's (1987) estimator for the weighting matrix. The data are from NIPA.

As mentioned earlier, we add terms to the polynomial (10) until they no longer
are statistically significant. We started with the quadratic (14), but none of the
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guadratic terms ever was significant, so we report here only the fits for the linear
model. The final utility functions for annual and quarterly data are, respectively,

(. d1;. 020, 03)

L Kly o k2g K3
(kaﬁlszzkfa)y{lﬂz{al%+az S G S s 1}}—1
t

= klt k21 k3t
Y
17)
and
u*(¢;, 1y, d2;)
(kalflszz)y 1+ 52 alﬁ +a, k11 + agkzt—l 1
= Ct k1 k2, 9

14
We discuss the monthly equation later.

4.1. Annual Data

We impose the separability structure found by Fleissig et al. and use as argu-
ments of the utility function (nondurables and services), (motor vehicles), (other
autos), and (remaining durables). The latter three together constitute the set of
durable goods, but the separability tests indicate that they must not be aggregated
into one overall durable good. Later we explore the consequences of using such
an overall aggregate. We estimate Euler equations derived from (17) over both
GARP-consistent and total sample periods and also with both NIPA and Divisia
aggregation to compare results. Estimates of the CRRA parameted the di-
agnostic test statistics differ substantially across sample periods and expectations
methods, but the other parameter estimates and their standard errors are about the
same. Therefore, for comparing fits, Table 4 presents only the estimatesufor
the test statistics; estimates of the other parameters will be discussed presently.
Panel A of Tables 1 and 2 presents the results for the annual data. The joint test for
the SNP polynomial terms always strongly rejects the null hypothesis of insignif-
icance (Waldl, Table 1). Thus the CRRA specification often used in the literature
[e.g., Hansen and Singleton (1983), Dunn and Singleton (1986)] seems misspeci-
fied for the annual data. We discuss the consequences of using the CRRA presently.
The concavity tests (Table 2) report percentage of years for which the Hessian
was not negative semidefinite. Under static expectations, the full sample is GARP-
consistent, so only one set of concavity results is reported. The concavity results
suggestthat the SNP function is inconsistent with the data under static expectations.
Under NIPA aggregation, the SNP function fails concavity 50% of the time, and
under Divisia aggregation, it fails 100% of the time. Under perfect foresight,
the full sample is not GARP-consistent, and so, Table 2 reports three sets of
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results: one for the full sample (the one used in most of the literature), one for
a possibly GARP-consistent sample, and one for the longest definitely GARP-
consistent sample. Imposition of GARP-consistency has dramatic effects. Over
the full sample, neither the CRRA nor the SNP ever fails the concavity restriction.
As the sample is made more GARP-consistent, the SNP function begins violating
the concavity restriction with NIPA data. Over the partially GARP-consistent and
full sample, it violates 38% and 100% of the time, respectively. In contrast, the
SNP function never violates concavity when aggregation is by Divisia. We have
strong prior reasons to prefer Divisia aggregation, and so, it seems that the Divisia
results are the relevant ones and that the SNP function passes the concavity tests.
Apparently, both GARP-consistency and the aggregation method make a difference
to estimation results.

The only SNP function that produces useful estimates for the annual data is that
for the 1935-1981 sample under perfect foresight and Divisia aggregation. Table 3
reports the full estimation results for the Euler equations derived from (17) in that
case. Wald2 is ajoint test of the significance of the durables polynomial coefficients
ap, ag, anday, and Wald3 is a-test of the significance of the nondurables and
services coefficient;. The null hypothesis is rejected, indicating significance
of coefficients. Their negative signs are consistent with habit persistence. The
parametey is significantly different from zero, and so, consumer preferences are
not logarithmically separable over the annual data, which contradicts the results
reported by Dunn and Singleton (1986) for monthly data. The discount faésor
significantly below one, implying a significantly positive rate of time preference,

a result frequently not found in the literature.

The standard CRRA is not rejected by the overidentifying restrictions or the
concavity tests (except for NIPA aggregation under static expectations). Further-
more, the estimates of the parame&rg,, 6,, andé; are much the same as with
the SNP function. However, the CRRA specification is rejected, for the Wald1l
test strongly supports significance of the SNP linear polynomial terms. The main
difference between the CRRA and SNP functions is the very different estimates
of y. For the CRRA,y always is positive except under NIPA aggregation with
static expectations, when it is insignificantly negative. In contrastjways is
significantly negative for the SNP utility function.

This difference in the sign of has an important economic implication. Under
quite mild restrictions on preferences and probabilistic beliefs, any preference
ordering can be represented by a utility function and conversely. Arrow (1971)
calls this conclusion the Expected Utility Theorem. Arrow proves the remarkable
Utility Boundedness Theorem, which states that any utility function satisfying the
conditions of the Expected Utility Theorem must be bounded above and below.
Boundedness of both CRRA and SNP utility depends on the signWheny is
positive, both functions are unbounded above as consumption goes to infinity but
bounded below (by-1/y) as consumption goes to zero, whereas both are bounded
above (again by-1/y) but unbounded below whenis negative. Unboundedness
below asc goes to zero is not important, because both utility functions can be
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made bounded below by a minor translation that has no impact on any other
important properties of the utility function or on estimatiérOur estimates of

y then imply that the CRRA is unbounded above and inconsistent with Arrow’s
Theorem, whereas the SNP function (17) is bounded above and consistent with
the theorem.

There are two ways to look at the differing results for static expectations and
perfect foresight. An SNP function can globally approximate the “true” utility
function arbitrarily well; given the insignificance of higher-order terms, our linear
polynomial SNP therefore should be very accurate. If one is willing to maintain
the hypothesis of maximization of concave utility by a representative agent, then
the concavity failures under static expectations indicate the inadequacy of that
expectations scheme. On the other hand, if one is not willing to take a stand on
the validity of either expectations scheme (because neither really is likely to be
correct), then the differing concavity results leave open the question of whether
maximization of a concave utility function by a representative agent is a useful
model of the aggregate data.

Finally, the NONPAR tests assume time-separable preferences. A failure of
GARP might therefore indicate that preferences are not time-separable rather than
that no rationalizing utility function exists at all. Our results, taken as a whole,
suggest that is not what is going on. If non-time-separability were the reason for
the GARP failures, then the nonseparable SNP function should take care of the
problem and should show no systematic differences in estimation results over
increasingly GARP-consistent sample periods. As we have seen, however, such
differences do occur, strikingly, implying that GARP-inconsistency really does
indicate nonexistence of a rationalizing utility function over the sample periods in
guestion.

4.2. Quarterly Data

With quarterly data, Fleissig et al. find the utility function is separable in (non-
durables, services), (motor vehicles), and (furniture, remaining durables). The
results are essentially the same as for the annual data. For GARP-consistent sam-
ples and Divisia aggregation, we have no violations of concavity at all, irrespec-
tive of expectations scheme. Thus, there is no conflict in the concavity results
for the two expectations schemes, in contrast to the annual data. Also, for GARP-
consistent samples and Divisia aggregation, Wald1 implies significance of the SNP
linear polynomial terms. Once again, we see important effects ofimposing GARP-
consistency and appropriate aggregation: For perfect foresight expectations, Wald1
fails to reject the null of insignificance for the SNP polynomial under NIPA aggre-
gation, irrespective of sample period, and for Divisia aggregation over the GARP-
inconsistent sample period. As with the annual data, the overidentifying restrictions
never are rejected. Also, the estimateg @lways are significantly positive for the
CRRA and significantly negative for the SNP (except for Divisia perfect foresight
over the GARP-inconsistent sample period, wheis insignificantly negative).
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The Divisia, GARP-consistent estimates are reported in Table 3 for both static
expectations and perfect foresight. There is no substantive difference between the
two sets of results, and so, it does not matter much that we have no way to choose
between them.

In summary, the results for quarterly data are essentially the same as those for
annual data. The only substantive difference between them is thatebefficient
on nondurables and services is insignificant for the quarterly data, in contrastto the
result for the annual data. This result is a bit odd in that it implies that consumers
display habit persistence in durables but not in nondurables and services. Why
such a dichotomy should prevail is unclear.

4.3. Monthly Data

Much of the Euler equation literature has used monthly data [e.g., Hansen and
Singleton (1982, 1983), Dunn and Singleton (1986), Eichenbaum et al. (1988),
Gallant and Tauchen (1989), and Eichenbaum and Hansen (1990)]. Monthly data
are appealing because it seems likely that they are closer to the decision period
of the representative agent than are either quarterly or annual data. However,
Fleissig et al.’s (in press) results suggest that monthly data are mostly inconsistent
with GARP and may be inappropriate for Euler equation estimation. Also, no
groupings of the monthly data satisfied the GARP separability tests, which means
that utility function estimation ought to use as independent consumption variables
all 13 categories of consumer expenditures reported by Citibase. No previous Euler
equation studies have taken account of these characteristics of the data. All have
used sample periods inconsistent with GARP, and all have used aggregates of
consumption inconsistent with the separability results (typically total expenditure
on nondurables and services as one variable and in some cases total expenditures
on durables as another).

Under perfect foresight, we use a moderately long sample of 1970:5-1990:12
for the monthly data and also report for comparison purposes results for the sample
1960:1-1990:12, which is the longest GARP-consistent sample for the quarterly
data. We use the same groupings as for the quarterly data: (nondurables, services),
(motor vehicles), and (furniture, remaining durables) because entering the 13 cat-
egories of consumption expenditure would make the problem intractable.

The monthly results are reported in Tables 1C and 2C. Concavity is violated
in every case except for the SNP utility function under NIPA aggregation with
static expectations over a GARP-inconsistent sample period. The overidentifying
restrictions always are strongly rejected. The model clearly is unacceptable.

If we had only the monthly results, we would be unable to say much about why
the model fails. It could be that there are problems with the data, or it could be
that the model is misspecified. However, based on the results of Fleissig et al. (in
press) and Wilcox (1992), it seems most likely that the monthly results stem from
problems with the data. The annual and quarterly results are consistent with each
other and differ sharply from the monthly results.
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4.4. Separability and Excessive Aggregation

Through all the foregoing tests, we impose the separability structure suggested by
Fleissig et al.'s (2000) GARP tests. Several articles in the literature have used a
single total measure of durables, and so, we now turn to a brief examination of
how sensitive the estimation is to overaggregating durables into a single quantity.

Table 4 reports the results. Point estimateg ofsually are substantially larger
than in Table 1, sometimes over 30 times as large; they also sometimes have the
opposite sign from the corresponding estimates in Table 4. These differences often
are statistically significant. For the quarterly data, there are some rejections of the
overidentifying restrictions, whereas previously there were none. Overaggregation
therefore does lead to some deterioration of the estimation.

The differences between the magnitudes afeported in Tables 1 and 4 are
economically significant. In steady staje— 1 is both the index of relative risk
aversion and the elasticity of marginal utility with respect to total expenditure. Both
interpretations make useful in applied economic analysis. For example, inter-
preted as the index of risk aversionis used in evaluating public policies that affect
the probability of uncertain events [Freeman (1993)]. Interpreted as the elasticity
of marginal utility of total expenditure; is used to assess the effect of economic
development on patterns of consumption [Lluch et al. (1977)]. Changing the mag-
nitude ofy by a factor of two or three would have a substantial impact on any such
evaluation, but the estimated magnitude @hanges by a factor of 30 or even more
simply because of overaggregation of durable goods. Clearly, failure to restrict the
estimation appropriately has an effect on results that is economically important.

5. CONCLUSION

In this study, we derive an SNP utility function to explore several issues in Euler

equation estimation and to examine the adequacy of the often-used CRRA utility
function. We find that estimation results are sensitive to restricting sample periods
to be consistent with GARP, to the separability structure imposed on the utility

function, and to the aggregation method used to construct the U.S. consumption
data. We also show that the SNP function can reverse conclusions from the CRRA
often found to be inconsistent with economic theory. Our results suggest that the
CRRA function is severely misspecified. The main results are summarized below:

(1) According to microeconomic theory, a nonsatiated, continuous, concave, monotonic
aggregate utility function does not exist unless the data satisfy GARP. Evidence
presented by Fleissig et al. (in press) suggests that the NIPA data on consumption
generally do not satisfy GARP over the full periods of data availability. That evidence
presumes a time-separable utility function and can only be treated as a guideline for
our estimation of the non-time-separable SNP function. However, using GARP tests
is preferable to the usual approach of doing no testing at all and is not obviously
inferior to the alternative approach of using parametric tests. Our results suggest that
restricting sample periods to those consistent with GARP has important effects on
estimation results.
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(2) Tests of the utility function’s separability structure suggest that it has as arguments
two or three separate categories of durables. Using a single aggregate of total durable
expenditure leads to a deterioration of results, although the effects are not as severe
as using GARP-inconsistent sample periods.

(3) Aggregation theory suggests that the aggregate Laspeyres quantity indexes used by
NIPA are deficient. No other Euler equation study except for that by Hayashi (1982)
has used anything but NIPA aggregation. We find, as did Hayashi, that using Divisia
aggregates instead of NIPA aggregates affects the results.

(4) Our results are consistent with those of Fleissig et al's (1997) conclusion that
monthly NIPA data are of little value in empirical work. The annual and quarterly
estimation results are well behaved and mutually consistent; the monthly results are
not well behaved and are inconsistent with those for annual and quarterly data.

(5) When we confine attention to appropriate sample periods, separability structures,
and aggregation methods, and to annual and quarterly data, we find that the CRRA
utility function is rejected in favor of an SNP form that nests the CRRA. The preferred
SNP function includes a linear polynomial in lagged service flows from nondurables
and durables. The nondurables term is marginally significant in the annual data but
not in the quarterly data, suggesting that measured nondurables may contain durable
elements but probably do not. The durables term in the SNP function always is
significant.

(6) The SNP function is bounded, whereas the CRRA is not. Boundedness is required
for a utility function to be consistent with certain aspects of behavior toward risk
[Arrow (1971)].

(7) The point estimates of the rate of time preference are always positive and usually
significantly so, results often not obtained in the Euler equation literature.

Our overall conclusion is that imposing the restrictions implied by revealed
preference theory has significant effects on estimation, leading to results often
different from those reported in the existing literature. This conclusion suggests
a need for further research on two fronts. First, revealed-preference theory needs
to be extended. The existing theory presumes time separability, but our evidence,
as well as that in previous empirical literature, supports non-time-separability of
preferences. Nonetheless, restricting estimation of our non-time-separable utility
function to sample periods and separability structures consistent with the current,
theoretically limited version of GARP substantially affects estimation results. The
nonparametric test results concerning GARP inconsistency of the data and the
utility function’s separability structure across goods thus seem to reflect something
more than the failure of those tests to account for non-time-separability. It therefore
would be most useful to extend revealed-preference theory to encompass non-
time-separable preferences. Second, further empirical research should examine
the sensitivity of our results to alternative instrument sets and the inclusion of
leisure in the utility function.

NOTES

1. For example, Hansen and Singleton (1982) and Gallant and Tauchen (1989) are special cases
that omit durable goods, and Eichenbaum and Hansen (1990) and Dunn and Singleton (1986) only
consider two composite goods: (1) services plus nondurables and (2) durables.
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2. See Abowd and Card (1987), for example. We omit leisure because of the difficulty of measuring
the exact nature of the employment decision and the opportunity cost of time [e.g., Swofford and
Whitney (1987); Gordon (1973)]. Including leisure would be a useful extension.

3. The terminal condition together with the period-by-period budget constraintimplies the expected
lifetime budget constraint, but the converse implication does not hold. We do not use the terminal
condition in deriving the Euler equations that we test later, so we do not dwell here on these details.
See Blanchard and Fischer (1989, p. 286) for further discussion.

4. In the empirical work that follows, we use the BEA estimatesfor

5. See Gallantand Nychka (1987) and Gallant and Tauchen (1989) for details on seminonparametric
utility functions and their estimation.

6. Settingp=—1/y is necessary whem(C, K) =1 andy tends to zero.

7. For example, ifj =1, then AL(C*, K*) =ay 1(ci_1/¢t) +ag2[1 + (k—1/k)], A%(C* K¥#) =
a,1(C—1/¢)? +az 2(Ci—1/C)[L + (ke—1/k)] +az3[1 + (ki—1/k)]?> and so on. If j=2, then
AYCH, K*) = ag1(ci—1/C) + ar2[L + (G—2/C)] + av3[l + (ki—1/k)], A2(C*, K#) = az1(ci—1/
c)?+ap2(Ci-1/ct)? +aza[1+ (ki—1/Ki)1? +a2.4(Ci—1/Ct) (Ct—2/Ct) +az5(Ct—1/Ct) [1+ (ki—1/

k)] + a2 6(Ct—2/c)[1+ (k—1/kt)], and so on.

8. This requirement goes beyond Diewert’s (1974) definition for a flexible form, i.e., alocal second-
order approximation to the unknown utility function at some fixed prirénd no requirements about
the degree of approximation for the derivatives of the function. Examples of Diewert-flexible functional
forms are the translog and AIDS models. See Gallant (1981), Gallant and Nychka (1987), and Gallant
and Tauchen (1989) for discussions of Sobolev norms.

9. Despite its considerable generality, the SNP function has some limitations, as does any specific
utility function. Animportant one, given some of the recent literature, is that the SNP function maintains
a link between the degree of intertemporal substitution and the degree of risk aversion. Extending our
work to consider other kinds of utility functions without that link would be useful.

10. It is interesting that the violations of GARP occur in the early 1930s and in 1981. Several
often-mentioned episodes in economic history, in particular the October 1979 change in Fed operating
procedure, produce no GARP violations and therefore cause no special problems in estimating Euler
equations.

11. Recently, the BEA has also begun to publish national accounts data using a chained Fisher
ideal index. Since the Fisher ideal index and the Divisia index are both superlative indices, our results,
which use the Divisia index, should be similar to those based on the Fisher ideal index.

12. Write the CRRAF in both functions &’k + 1) . For the magnitudes afandk in the data,
adding 1 has an imperceptible effect on estimation, but both utility functions now go to zero as either
cork goes to zero.
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TasLe 1. Comparative regression results for CRRA and linear polynomial SNP
utility functions®

A. Annual daté

CRRA Linear polynomial SNP
Time period y OIR y OIR Wald1l Wald2 Wald3

NIPA static expectations
1931-1990 -0.007 23.1 -0.420 22.6 102.690 35.240 -0.862
(0.015) [51.4] (0.055) [47.0] {0.00Q@ {0.000 {0.389

Divisia static expectations
1931-1990 0.127 24.2 —0.376 23.7 70.763 15.289 1.811
(0.019) [51.4] (0.100) [47.0] {0.000  {0.003  {0.07Q

NIPA perfect foresight
1931-1990 0.028 22.2 —0.092 22.4 47.880 31.943 —2.858
(0.023) [51.4] (0.030) [47.0] {0.000Q {0.000 {0.004
1935-1990 0.071 22.0 -0.150 20.9 33.822 33.035 3.932
(0.013) [51.4] (0.024) [47.0] {0.000Q {0.000 {0.000
1935-1981 0.058 20.8 —0.163 20.3 47.880 31.943 1.120
(0.011) [51.4] (0.023) [47.0] {0.00Q {0.000 {0.263

Divisia perfect foresight
1931-1990 0.083 23.5-0.118 23.2 10.124 8.786 —3.142
(0.025) [51.4] (0.023) [47.0] {0.038 {0.033 {0.002
1935-1990 0.133 22.7 -0.210 16.7 22.751 20.550 —2.891
(0.015) [51.4] (0.052) [47.0] {0.000 {0.000 {0.002
1935-1981 0.130 20.0 —0.155 20.0 5.613 8.066 —2.369
(0.015) [51.4] (0.034) [47.0] {0.018 {0.045 {0.018

2y = utility function parameter [see equation (14)], the standard error is in parentheses.

Wald1=test of all linear polynomial terms; the-value is in braces.

Wald2= test of durable-goods polynomial terms; the/alue is in braces.

Wald3= test of nondurable-goods polynomial term; thx@alue is in braces.

OIR = y» test of overidentifying restrictions, with 1% critical value in brackets.

bThe instruments set igonstantcy, 3, ¢3, C;, i, Py, P35, P}, wherex' = (Xit — Xit—1)/Xit—1 fori =1, ..., 4 and
where

¢yt = aggregate of nondurables and services,

cx = aggregate of motor vehicles,

ca = aggregate of other autos,

c4 = aggregate of other durables,

pri=1..., 4 are the corresponding price aggregates.

There are four equations and nine instruments. CRRA has five parameters; SNP has nine parameters. Therefore,
CRRA has 4x 9 — 5= 31 overidentifying restrictions, and SNP has 8 — 9= 27 overidentifying restrictions.
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TasLE 1. (Continued.)

B. Quarterly data
CRRA Linear polynomial SNP
Time period y OIR y OIR  Waldl Wald2 Wald3

NIPA static expectations
1960:01-1990:04 0.935 12.4-1.064 119 9.449 7.800 0.851
(0.106) [33.4] (0.202) [29.1] {0.024 {0.020 {0.395

Divisia static expectations
1960:01-1990:04 0.895 12.2 -0.617 11.3 23.885 6.782 0.821
(0.080) [33.4] (0.109) [29.1] {0.000 {0.034  {0.412

NIPA perfect foresight
1960:01-1990:04 1.476 11.6-0.291 11.8  2.553 1.779 -1.280
(0.098) [33.4] (0.119) [29.1] {0.466 {0.411 {0.20%3
1960:01-1980:04 1.656 9.2 0.124 89 5419 4.330 2.178
(0.046) [33.4] (0.025) [29.1] {0.144 {0.1153 {0.029

Divisia perfect foresight
1960:01-1990:04 1.418 12.5-0.013 122  3.786 2431 -0.159
(0.122) [33.4] (0.079) [29.1] {0.288 {0.296 {0.868
1960:01-1980:04 1.406 9.1 -0.398 8.9 16.552 11.361 -1.238
(0.056) [33.4] (0.127) [29.1] {0.003 {0.003 {0.216

¢For quarterly data, the instrument sefidenstantey, ¢3, ¢5, p;, P3, P3} wherex* = (Xit —Xit—1) /i1 fori =1,..., 4

and where

¢yt = aggregate of nondurables and services,

cx = aggregate of motor vehicles,

ca = aggregate of other durables,

pit i =1, 2, 3 are the corresponding price aggregates.

There are three equations and seven instruments. CRRA has four parameters; SNP has seven parameters. Therefore,
CRRA has 3x 7—4=17 overidentifying restrictions, and SNP has 3 — 7= 14 overidentifying restrictions.
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TasLe 1. (Continued.)

C. Monthly dat&
CRRA Linear polynomial SNP
Time period y OIR y OIR  Waldl  Wald2 Wald3

NIPA static expectations
1960:1-1990:12 3.570 88.8 22.528 85.3 8.438 8.334 1.530
(0.715) [33.4] (3.931) [29.1] {0.03§ {0.01G {0.128

Divisia static expectations
1960:1-1990:12 7.566 81.9 21.115 56.8 14.396 14.39 2.873
(0.819) [33.4] (2.800) [29.1] {0.002 {0.00% {0.090

NIPA perfect foresight
1960:1-1990:12 2.869 84.6  18.642 77.1 8.802 8.703 1.908
(0.002) [33.4] (3.163) [29.1] {0.032 {0.012 {0.167
1970:5-1990:12 0.580 72.1  11.448 70.7 3.571 3.568 0.091
(0.520) [33.4] (3.065) [29.1] {0.311 {0.168 {0.763

Divisia perfect foresight
1960:1-1990:12  7.594 75.1 —2.660 70.8 1.554 1.461 0.517
(0.875) [33.4] (1.404) [29.1] {0.670 {0.482 {0.678
1970:5-1990:12  3.909 72.1 12.175 56.1 3.928 3.923-0.141
(0.767) [33.4] (3.107) [29.1] {0.269 {0.263  {0.88§

dThe instrument set, number of parameters, number of equations, and therefore the number of overidentifying
restrictions are the same as for quarterly data.
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TaBLE 2. Violations of concavit§

A. Annual data

1931-1990 1935-1990 1935-1981
Method CRRA SNP CRRA SNP CRRA SNP
SSE 100 50 — — — —
DSE 0 100 — — — —
SPF 0 0 0 38 0 100
DPF 0 0 0 0 0 0

B. Quarterly data

1960:1-1990:4 1960:1-1980:4
Method CRRA SNP CRRA SNP
SSE 0 0 — —
DSE 0 0 — —
SPF 0 0 0 100
DPF 0 0 0 0

C. Monthly data

1960:1-1990:12 1970:5-1980:4
Method CRRA SNP CRRA SNP
SSE 100 2 — —
DSE 100 84 — —
SPF 100 22 48 26
DPF 100 100 100 45

aNumbers are percentages of observation periods for which the Hessian matrix was not negative semidefinite.
bDPF= Divisia perfect foresight, DSE Divisia static expectation, SRENIPA perfect foresight, and SS¥NIPA

static expectations.
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TasLE 3. Preferred models: Full estimation results

A. Annual data
Divisia Perfect Foresight 1935-1981
u(cr. d1y, d2;, d3y)
1 11611 5021205\ Y 2|, G-1 K14 K2y k31
=;(Ctk1(1k2(2k313) 1+]/ al? + a klt +az k2t + a4

k3,
Parameter Estimate Standard error
B 0.977 0.009
y —0.155 0.034
) 0.154 0.008
61 0.388 0.019
0> 0.244 0.009
ar —-2.011 0.849
a —-10.939 4,531
ag —2.978 1.053
a -9.240 3.735

B. Quarterly data

Divisia Static Expectations 1960:1-1990:4

K A1E Aok _1 51,10 Y 2|5 G-1 K11 k21
. a1, d2) = (eaika i) {1+y [al S H

k2
Parameter Estimate Standard error
B 0.992 0.002
y -0.617 0.109
5 0.254 0.009
01 0.404 0.005
ar 0.279 0.340
a —-1.351 0.522
az -1.132 0.445

293 =1-§ — 6, — 6, because the parameters are constrained to result in degree-one homogeneigregate of
nondurables and servicdsl = motor vehiclesk2 = other autos; anb3 = other durables.

bg, =1-§ — 01 because the parameters are constrained to result in degree-one homogeneiigregate of non-
durables and servicek] = motor vehicles; an#2 = other durables.
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TasLE 3. (Continued.)

Divisia Perfect Foresight 1960:1-1986:4

1 Ci—1 k1, k21
* d1r, d2f) = = S k191 k202 4 1 2 “-1
u(c, d1y, d2;) V(Ct Tk2?) (1472 | o T®h TR
Parameter Estimate Standard error
B 0.988 0.002
y —0.398 0.127
8 0.356 0.011
01 0.351 0.005
a —2.059 1.663
a —2.266 1.199
az 0.371 1.765

€9, =1— 8§ — 01 because the parameters are constrained to result in degree-one homogenaggregate of non-

durables and servicelsl = motor vehicles; an#2 = other durables.
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TasLE 4. Effects of excessive aggregation

A. Annual data

Time period

Linear polynomial SNP

1935-1990

1935-1990

1931-1990

1935-1990

1935-1981

1931-1990

1935-1990

1935-1981

y OIR
NIPA static expectations
—0.911 10.995
(0.224) [15.086]
Divisia static expectations
—0.282 7.899
(0.009) [15.086]
NIPA perfect foresight
1.228 10.727
(0.261) [15.086]
—2.158 3.844
(0.020) [15.086]
2.773 8.181
(1.353) [15.086]
Divisia perfect foresight
—-3.641 8.901
(1.207) [15.086]
—3.591 7.790
(1.093) [15.086]
—3.549 7.336
(1.231) [15.086]

B. Quarterly data

1960:1-1990:4

1960:1-1990:4

1960:1-1990:4

1960:1-1980:4

1960:1-1990:4

1960:1-1980:4

NIPA static expectations

—1.014 19.462
(0.358) [15.086]
Divisia static expectations
—0.639 17.883
(0.184) [15.086]
NIPA perfect foresight

1.194 11.560

(0.310) [15.086]
1.288 11.351

(0.298) [15.086]

Divisia perfect foresight

1.147 11.488

(0.345) [15.086]
1.210 10.098

(0.292) [15.086]
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TasLE 4. (Continued.)

C. Monthly data

Time period

Linear polynomial SNP

1960:1-1990:4

1960:1-1990:4

1960:1-1990:4

1960:1-1990:4

y OIR
NIPA static expectations
—0.962 90.488
(0.636) [18.475]
Divisia static expectations
27.683 31.927
(4.541) [18.475]
NIPA perfect foresight
—-1.591 74.817
(0.550) [18.475]
Divisia perfect foresight
—3.709 59.676
(0.602) [18.475]
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