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Abstract

This paper takes a closer look on the consequences of using a market index as a proxy for
the latent market return in the capital asset pricing model. In particular, the consequences
of two major sources of misspecification are analyzed: (i) the use of inaccurate weights and
(ii) the use of only a subset of the asset universe to construct the index. The consequences
resulting from the use of a badly chosen market proxy reach from inconsistent parameter
estimates to misinterpretation of tests indicating the existence of abnormal returns.

A new minimum distance approach of estimating the CAPM under measurement error
is presented, which identifies the CAPM parameters by exploiting the cross-equation cross-
sectional restrictions resulting from a common measurement error. The new approach allows
for quantifying the impact of measurement error and for testing the presence of spurious
abnormal returns. Practical guidelines are presented to mitigate potential biases in the

estimated CAPM parameters.
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Measure what is measurable, and make
measurable what is not so.

Galileo Galilei

1 Introduction

The empirical evidence supporting capital asset pricing model (CAPM) in the version of Sharpe
(1964) and Lintner (1965) is far from being convincing. Nevertheless the CAPM is still a center
piece of the asset pricing theory taught in MBA investment courses and it is still a widely used
tool among practitioners. The reasons for its failure are manifold and have launched a large
body of literature. Besides its theoretical simplicity leaving room for numerous generalizations
based on more realistic settings (multifactor models, conditional CAPM, consumption CAPM
etc.), the failure of producing convincing evidence in favor of the CAPM can also be attributed
to the difficulties of its empirical implementation. This branch of the literature has generated
numerous studies of using alternative estimation and testing procedures.! Fama and French
(2004) offer a concise summary of the struggle to find empirical support for the CAPM.

This paper addresses the implications of using the return of a market index as a proxy for
the return of the true (equilibrium) market portfolio for the estimation of the CAPM. In a
certain sense the measurement problem can be regarded as a primary one, because the CAPM as
such is not questioned, but relates to the problem of obtaining a workable empirical framework.
The measurement problem is at the heart of the Roll’s critique (1977) who argues that the
true market portfolio includes a large range of investment opportunities including international
securities, real estate, precious metals, etc., so that the true value weighted market portfolio
is empirically elusive. In particular, he concludes (Roll (1977), p.130): ”The Theory is not
testable unless the exact composition of the true market portfolio is known and used in the
tests.” Moreover, by using market proxies due to data limitations empirical tests of the CAPM
effectively test whether the market proxies are on the minimum variance frontier.

We take different approach to Roll’s identification problem by assuming that the CAPM
holds true and investigate the properties of the CAPM in the presence of measurement problem.

By using a linear projection framework within the Sharpe-Lintner version of the CAPM we

!See Campbell et al. (1997), Chap. 5 and Jaganathan et al. (2010) for surveys on the econometric implementa-
tion.



pick up Roll’s critique to account for the fact that the market index in empirical studies is
only a proxy that correlates more or less strongly with the true market index. This leads to an
observational model with a non-zero intercept which is observationally equivalent to a general
factor model with non-zero excess returns. Consequently, in the presence of measurement error
results of standard tests on the existence of abnormal returns, e.g. in the tradition of Gibbons
et al. (1989), render to be spurious. Our projection framework can serve as an alternative
approach by providing an indirect test of the viability of the conventional CAPM by testing the
CAPM against a general factor model with measurement error.

The sources of misspecification of the market return can be manifold and lead to different
biases in the estimated alphas and betas. Generally the weights in the market index used for a
CAPM regression may simply differ from the true weights by including a subset of assets and/or
by misspecification of the weights even if the asset universe is correctly defined. The choice
of an index consisting of a limited number of large stocks such as the Dow Jones Industrial
Average (DJIA) can serve as an example of the first type of misspecification, while, the choice
between a volume weighted versus an equally weighted index is an example for the latter type of
misspecification. What seems to be an econometric problem in the first place for both types of
measurement error has its roots in false theoretical model assumptions, e.g. assumptions about
the fixed supply side in terms of volume or quantities.

Measurement error in the market index leads to a systematic bias in the parameter estimates
and may therefore lead to erroneous investment strategies. As we will show in this study, the
direction and severity of the bias of the CAPM parameters strongly depend on the nature
of the measurement error. The consequences for the least squares estimates in the classical
errors-in-variables case, where the market index differs from the latent true market return only
by an additive idiosyncratic error, are well-known: First, estimates of the beta coefficients suffer
from an attenuation bias, i.e. the estimated risk premia are biased towards zero. Second, the
estimated intercepts are biased upwards such that positive alphas occur even if the CAPM holds
true.

This paper takes a closer look on the measurement error bias in the CAPM beyond the
conventional measurement error bias. In particular, we derive the bias for the CAPM alphas

and betas under different assumptions on the type of misspecification of the market index. In



particular, we show that the typical attenuation bias occurring in linear regression models with
additive measurement error generally does not hold. By means of Monte Carlo simulations,
where the return process is generated from an artificial capital market, we assess the size of the
bias and provide practical guidance for the choice of the market index in empirical work.

Finally this paper presents a novel approach of estimating the CAPM in the presence of
measurement error. Contrary to general systems of linear regression equations with measurement
error, the CAPM contains the same mis-measured explanatory variable in each equation. Using
the property that the CAPM with measurement error is a system of regression equations
with nonlinear cross-equation restrictions we present a new identification strategy which is
superior to instrumental variables approaches that typically suffer from the weak instrument
problem as market returns are only weakly auto-correlated. Our minimum-distance approach is
easy to implement and allows to estimate different versions of the CAPM including the true
CAPM without measurement error, the CAPM with measurement error and a factor model
with measurement error and excess returns under rather general assumptions on the type of the
measurement error.

While the vast majority of empirical studies simply ignores the measurement problem or
implicitly assumes that its impact on the parameter estimates is negligible, only a few studies
consider the impact of measurement error in the market return on the outcome of efficiency
tests (e.g. Stambaugh (1982), Kandel and Stambaugh (1987) and Shanken (1987)). They show
that a rejection of market efficiency by the market proxy implies also a rejection for the true
portfolio if the true market portfolio is sufficiently correlated with the proxy (ca. 0.7 or larger).
The projection framework considered in these studies, however, ignores that the measurement
error maybe endogenous, i.e. the orthogonality between the (rational expectation) error in the
CAPM and true market index is generally violated. Prono (2015) proposes a new measure of
misspecification that not only accounts for the latency of the true market index and the resulting
imperfect correlation between market proxy and the true market index but also for the effect of
endogeneity on the CAPM estimates.

Jagannathan and Wang (1996) take a different perspective by trying to get closer to the
theoretical concept of the market return. They use a broader market proxy which also takes into

account the returns from human capital. In their empirical study of the conditional CAPM based



on the broader concept the additional explanatory power of size and book-to-marker variables
becomes negligible. Unlike previous studies analyzing the potential impact of measurement error
in the market proxy on efficiency tests, the focus of this study is to assess its impact on the
CAPM estimates with obvious consequences for performance measures, choices of investment
strategies and outcomes of efficiency tests. Rather than defining correlation bounds we estimate
the size of the attenuation bias (possibly the size of an amplification bias in some settings)
directly. This yields new insights into the quality of different market proxies and provides
evidence for the presence of spurious abnormal returns.

The paper is organized as follows. In Section 2 we introduce the theoretical framework
under which the true return generation process of the true but infeasible market index is defined.
Various types of misspecification of the market index and their consequences for estimation
are considered as deviations from the true return generating process. Based on Monte-Carlo
simulations we provide in Section 3 a quantitative assessment on the extend of the bias caused
by different types of misspecification of the market index. In Section 4 we provide empirical
evidence for the presence of measurement error in the market index using three different data
sets and different definitions of the market returns. Section 5 concludes and gives an outlook on

future research.

2 CAPM and Measurement Error in the the Market Index

In the following we consider a well-defined CAPM where asset returns are equilibrium outcomes
from security markets with rational investors. Therefore the data generating process for the
returns and the true but unobservable market return is such that the CAPM holds by construction
and identification of the model parameters is feasible. The initial set-up is based on common
assumptions underlying the CAPM (e.g. Gourieroux and Jasiak (2001) and Fan and Yao (2017))
and is sufficiently flexible to allow for range of generalizations concerning the price process and
assumptions on the investors’ behavior. In a second step we deviate from the world of a perfect
data generating process by replacing the true market return by different proxies and derive the

conditions under which the true model parameters are feasible.



2.1 The Baseline Model

Let there be N risky assets and one risk-free asset. The portfolio is given by the vector

!/

of quantities (qo,q1,.--,9n8)" = (qo,q’)’. The price vector for the N + 1 assets at time ¢

is given by (1,P1’t, e ,PN,t)I = (1,Pt’)’, where the price of the risk-free asset is taken as
numeraire. Expected portfolio wealth for period t + 1, Wy41, given information up to ¢ is given
by E [Wit1| Ft] = Ee[Wit1] = qo(1 + R{ ) + ¢'E¢[Pi1]. The allocation problem of investor 4 for

period t + 1 is given by

Igta(?( E¢[Wip1] — %Vt[Wt—&-l] s.t. Wi =q +dP,

where Wy denotes the initial endowment in ¢ and ~; is the risk aversion parameter of investor .

Optimal allocation for investor i takes the well-known form:

1 _
iy = —VilYi ] ' Ed[Yiqal,

Vi
where Y41 = Py — P(1+ R{ +1) is the vector of excess gains. Aggregate demand for a total

number of I investors is given by

1

1 _
o’ =>4 = ~Villin] By [Yia],
=1

with v = [ZZ-IZI %]_1 as the absolute risk aversion parameter of the market. Since most empirical
k2

studies use excess returns instead of excess gains, we reformulate excess gains in terms of

excess returns such that Y;y; = diag(P;)riy1, with the vector of excess returns defined as

rer1 = Repq1 — LR{ 41 with Ryyq as the N x 1 vector of the return rates on the risky assets. In

terms of the excess returns aggregate demand is given by

1 . _ -
QtD:;dlag(Pt) Wilrea]  Eilrega)- (1)



For the definition of the market index the assumption on the supply of assets is absolutely

crucial. In the following we assume for the supply
g7 = diag(P)~'b", (2)

which is based on the underlying assumption that the value of each asset supplied is fixed. The

market equilibrium ¢ = ¢ yields a return process of the form

Tip1 = YVe[rip1]b" + €141, (3)

where the expectation error e,41 = 1411 — E¢[ri41] is a martingale difference sequence. The

excess return of the market is defined as

Pt = b7 Teg, (4)

which is a value weighted index given the fixed value assumption from (2). The asterisk on
Tp.t+1 indicates that the true market return is an unobservable random variable depending on
the unknown parameter vector b*. The process for the excess returns of the market takes on the

form
i1 =70 Virea]b* + b erq . (5)

For our simulations we assume for simplicity a homoskedastic process for the excess returns with
Vi[reg1] = Q. This assumption is not crucial for the goal of our study and can easily be relaxed.

Under homoskedasticity the processes for the returns and the market return simplifies to

Tt41 = [+ €41, (6)

Tl = Mo, + b i1, (7)

with g = yQb* and p}, = b*'u = vb*'Qb*. Without loss of generality we can define the CAPM

as the set of linear predictor equations of the excess returns ry4; on the excess market return



Tl
m,t+1-
Te41 = @+ BTy, i + Utg1 (8)

By definition the vector of CAPM betas is given by

_ Cov |:7"t+1,r;kn’t+1:| oy
T R ®)
m,t+1

where the second equality follows from the homoskedasticity assumption. Note, that the true
CAPM betas are a function of the true, unobservable weighting scheme, b*, and the variance-
covariance matrix of the vector of returns of the entire asset universe §). The vector of intercepts
of the linear predictor equations (CAPM alphas) vanishes, since « = E [ri41] — BE [r;‘mt 1) =0.

Moreover, since utt1 and 7y, ;1 are orthogonal 8 can be consistently estimated by least squares.

2.2 Misspecified Index Weights

The true CAPM is basically given by the relationship between the two processes defined in (6)
and (7). In the following we consider the linear relationships between the return process and
alternative specifications of the index based on an observable weighting vector b # b*. As shown
below, the specific assumptions on b and its relationship to the true weighting index lead to

different identification conditions concerning alpha and beta.

Weights with Random Measurement Errors

Consider first the case where the actual weights used to construct the market index deviate
randomly from the true weights such that the actual weighting scheme b differs randomly from

b*:
b="0"+v, (10)

where v is random vector of error terms with E [v] = 0 and V [v] = 02 Iy.? The market index

based on the mis-measured weighting scheme (10) yields a process for the observable proxy of

2The model may also be derivable under the general assumption V v] = Y2, This generalization can easily be
introduced but does not add any additional new insights for identification problem.



the market return of the form

/
Tl = Tyt + VT, (11)

such that the return of the market index varies randomly around the true market return. The

CAPM equation based on the observable index (11) is given by

Ti41 = BTrmi+1 + Wi, (12)

with w1 = ugr1 — BV/re1. Contrary to the true market return its proxy does not satisfy the
orthogonality condition with the error term, E [wii17m t41] = —o2tr(up’ + Q) B # 0, so that
least squares estimation of (12) yields inconsistent parameter estimates. Model (12) shares
similar properties with a classical linear errors-in-variables (EIV) model (e.g. Fuller (1987)).
However, contrary to the classical EIV model lagged market proxies r,,;—; cannot serve as
instruments. They are orthogonal to w1, but they are not autocorrelated.

Although IV estimation is infeasible the parameters of the CAPM can nevertheless be
identified by exploiting the information on the first and second moments of the market proxy.
In order to detect the relationship between identifiable estimable parameters and the true model

parameters consider first the linear projection of 7y, , 1 on rm ty1:

Trt1 = A0 + AL Tt + Gett,

with

Cov [ 415 Tmr1] b*'Qb*
' V [rm,i41] o2 (1 p+trQ) + b*'Qb*’

Mo =E [rh 1] = ME[rmera] = (1= M) E[rmer1] -

Inserting the linear predictor function in the CAPM equation yields :

Ter1 = Oy + By Pl + Uit (13)

with a,, = B(1 — A1) i, and 5, = SA;. The error term g1 = w1 + B¢41 is orthogonal to



Tm,t+1 SO that consistent estimates of o, and 3, can be obtained.

Note that 0 < A\; < 1, which is the usual reliability ratio in EIV models. The estimation of
parameters leads to the well-known attenuation bias for the slope coefficient, i.e. the estimates
of CAPM betas are driven towards zero, i.e. under the presence of measurement error the least
squares estimates mimic a too small dependence on the market risk.

Moreover, the EIV-CAPM yields positive intercepts, «,, > 0. Thus in the absence of abnormal
returns (o = 0), the EIV-CAPM mimics spurious abnormal returns, even if the CAPM holds
true. Consequently in the presence of measurement error tests on the existence of abnormal
returns ignoring the measurement error are jointly testing the validity of the CAPM and the
absence of measurement error.

The sparse parametrization of the standard CAPM model and the parsimonious parametriza-
tion of the measurement error reflected only by the unknown parameter o2 yields an overidentified
model with only IV + 1 unknown parameters compared to 2N identifiable reduced form parame-
ters given by «,, and (,. The strong degree of overidentification simply results from the fact that
i) the measurement error effects all N equations in the same way through the reliability ratio
and ii) the asset specific intercepts are nonlinear functions of the reliability ratio and the true
betas. Even without exploiting the nonlinear cross-equation restrictions the true beta and the
reliability ratio can be identified by a single equation estimate provided the CAPM holds true.

Consider the nonlinear restriction for the model parameters for a single equation j with
Bvj = MBj and oy = Bj(1 — A1) . Then the reliability ratio is identified as the solution of the

two equations as

i (222

Hm(gw) + 1.

vy

A= (14)

A simple estimate of the reliability ratio can be obtained by replacing the unknown parameters
in (14) by the least squares estimates from (13), while p,, can be estimated by the mean of the
excess returns. Since this simple procedure generates estimates for every equation j, it seems
meaningful to take the average over the single equation estimates in order to stabilize the results.
Once A1 is determined 3; and «; are identified.

Obviously, estimation of the system of equations (13) by ML, GMM or Minimum Distance

estimation yield asymptotically more efficient estimates. In Section 4 we present an empirical



application of this identification strategy based on the minimum distance estimation.

The EIV-CAPM can be generalized to the case where only M < N assets define the market
index and the remaining N — M assets are ignored and do not enter the market proxy with a
weighting vector given by:

by +vm

b= ,
0

where b}, is the sub-vector of b* of dimension M and vy is the corresponding vector of
measurement errors. The relationship between the true market return and the market proxy
becomes 7,141 = 15, 111 + Wi With E [we1] # 0. In this case the mean of the market proxy
deviates from the mean of the true market return. A linear projection representation is feasible,
but identification can only be obtained under additional assumptions. For instance, (i) the mean
return of the assets ignored has to be equal to the mean of the market proxy’s return and (ii)

the overall measurement error wy4; should be uncorrelated with w;1.

Weights with Fixed Measurement Error

Consider now the case where the differences between weights for the market index and the true

market return are fixed such that
b=0b"+ A, (15)

where A denotes the vector of fixed deviations from the true weights. This case includes a
number of interesting special cases. For instance, if the equally weighted index, b = ¢ N%, is used
instead of b* the market proxy is simply the average over all return rates in the asset universe.
If the proxy is based only on a subset of M < N assets the deviation of the weights of the proxy
from the true weights take the form A" = (Aq,..., Ay, =34y, .-, —by), such that the first M
assets receive some positive (most likely erroneous) weights, while the weights of the remaining

assets are ignored. The return of the observable market index takes the form:

/ !/
Pyl = brepr =1 g + Alrggr (16)

10



Replacing 7y, ;11 in (8) by 7,41 gives a system of CAPM equations based on the fixed error

market proxy:

Ti41 = QA + BTyl + Wi, (17)

with w1 = ugp1 — A’egyr and ap = —BA’p . Contrary to the random error case given by (12)
the observable system of CAPM equations contains nonzero intercepts, such that a test for the
existence of abnormal returns would be misleading. Also contrary to the random error case
the market proxy is no longer orthogonal to the error term, E [wit17m4+1] = (I — SV)Qb # 0.
Therefore, estimation approaches based on the orthogonality assumption between the market
proxy and the error term are inconsistent.

Replacing the latent market index by its linear projection on the observed index does not
help, since the overall error term would also be correlated with the market proxy. Last but not
least the size of the coefficient in the projection equation cannot be derived in the fixed error
case, so that no ex-ante statements on the direction of the bias for the estimates of beta can be

derived.

3 Monte Carlo Evidence

3.1 Simulation design

By means of Monte Carlo simulations for returns generated from an artificial capital market we
illustrate in this section how and to what extend different proxies of the market index influence
the quality of the CAPM parameter estimates. By simulating from a well-defined artificial
capital market, for which the CAPM holds, we can define market proxies as the outcome of the
true data generating process combined with misspecified weights rather than imposing arbitrary
stochastic assumptions on the error process.

Our simulation study is based on 10,000 Monte Carlo samples of monthly excess return
series for an asset universe of N = 205 assets over 10 years. The data generating process for the
excess returns is given by

iid

Ti41 = ’)/Qb* + i1, with g1 ~ (0, Q) .

11



The variance-covariance matrix {2 was chosen to be equal to the sample variance-covariance
matrix calculated from monthly data on excess returns of 205 components of S&P500 index
from January 1, 1974 till May 1, 2015. In order to use realistic values for the true weight vector
b* we use their empirical counter parts. More precisely, for each of the 205 stocks of the S&P500
index we compute the mean value of the market capitalization based on monthly data from
January 1, 1974 till May 1, 2015 and define the true market weights as a proportion of the total
market capitalization of the 205 stocks. Finally, the coefficient of risk-aversion v was chosen
to be equal to 0.04. Following our baseline model we assume a fixed supply of assets, so that
Tht+1 18 generated according to (4).

In a second step we generate proxies of the true market index under different types of
measurement error. Table 1 summarizes the five different weighting strategies for the market

proxy used in the Monte Carlo study.

Table 1: Functional form of misspecified weights b of market indices.

b Weight Description
EW 1 . .
b LN equally weighted index,
the asset universe is correctly defined
biE b* +v,v ~ N(0,021y) weights with random error,
the asset universe is correctly defined
b b* + A, index with true weights,
A"=(0,...,0,=b3 s —bY) subset of M assets is considered
I
bl L,blbl normalized version of b/ such that
M™1
weights sum up to unity
bé L Mﬁ equally weighted index,

subset of M assets is considered

For the case of random measurement errors we consider three different choices for the variance
of the measurement error, o, = 0.05, 0.025, and 0.01. For our analysis of the market proxies
based on the subsets of the asset space we choose subsets covering 25% and 75% of the total
number of assets. For these subsets only assets with the largest weights are selected, so that the
indices are more comparable to real world market indices. We estimate the CAPM parameters
for 15 randomly drawn assets by the seemingly unrelated regression (SUR) method. Table 2

summarizes our findings for market proxies based on the total asset space, while Table 3 contains

12



the results for indices based on specific subsets. Both tables summarize our findings by reporting
the means of the estimates for 15 selected assets. The detailed results for each of the 15 assets
are given in Table 5 in Appendix A.2.

For reasons of comparison column 2 of Table 2 contains the results of the CAPM when the
true market return is feasible. Since these estimates are obtained under the true data generating
process they only differ from the true model parameters by the sampling error. Therefore these
estimates can serve as a benchmark for the estimates using market proxies. Under the true data
generating process the CAPM alphas are on average close to their theoretical value of zero. The
empirical rejection rate for ¢; is close to the 5 % significance level, which indicates that the
sample size of T' = 120 chosen for the Monte-Carlo simulations is sufficiently large to produce
estimates that come close to the true parameters given the distributional assumptions and the
true market index.

Only for the case of a small measurement error, o, = 0.01, the EIV-CAPM shows negligible
distortions of the parameter estimates. The empirical correlation between the true market
returns and the proxy is 0.96 and the attenuation bias reflected by )\Xl is small. However, even
for this mild case of measurement error, we find an empirical rejection rate of the null of no
abnormal returns of 8%. The situation deteriorates for larger measurement errors. For the
intermediate case with o, = 0.025 the correlation between true market return and the market
proxy appears to be rather high with p(r}, ;,7m) = 0.81. However, for more than 47% of our
estimates we find abnormal returns mimicking the existence of potential profits from trading.
For the case of a large measurement error, the situation deteriorates even more, although the
correlation between true market return and the proxy still remains 0.5. The three scenarios
demonstrate that the correlation between the true market return and the market proxy provides
insufficient information to make any conclusion about the bias in the CAPM estimates. After
all what matters is the coefficient on the linear projection A1, which consists of the product of

the square root of the reliability ratio and the correlation coefficient.?

3For the case of random errors this relationship is given by:

b*/Qb*
(b*'Qb* + o2 (' pu + trQ)

_ Cov [Pty Tt _ (V [T7.t]

A /2
o V [vat] V [Tm,t] ) p(rm,b r?n,t)-

2
) p(rm,h rnL,t) = (

13



Table 2: MC-results for the CAPM with random measurement error (EIV-CAPM)

*

Tmt T'm,t
7, =005 o, =002 o,=001
RR(r, 1, Tm) 0.1997 0.4995  0.8618
s Tmt) 0.5357 08125  0.9694
N 0.3025 0.7002 0.9585
2 -0.0060  5.0250 2.6637  0.5024
RMSE(Q) 58412 230157 141939  6.4369
ERR(.05) 0.0513  0.8122 04755  0.0797
B 09526  0.2834 0.6600  0.9110
RMSE() 05878  2.9080 15124  0.7997
SR 01233  0.0491 0.0845  0.1166

TR 9.0642  21.9288 12.5479 9.6945

Mean estimates for 10,000 replications and the parameter estimates for the different assets.
The dimension of the asset universe is N = 205, the number of assets in the regression model
equals 15. Column 2 contains the average estimates based on the true (excess) market return.
Columns 3 - 5 contain estimation results for the EIV-CAPM with the proxies for market returns
based on weights containing random errors. RR(r}, ;,7m) =V [rh,+] / V [rm] is the theoretical

reliability ratio of the market proxy. )\Al is the mean estimate of the linear projection parameter.
ERR(.05) denotes the average empirical rejection rate for the null of no abnormal returns (single
equation test) for a significance level of 5 %. SR and TR denote the mean Sharpe ratio and

the mean Treynor ratio across all Monte Carlo estimates and assets. True values: § = 0.9520,
SR =0.1175, TR = 8.8070.

Note also, the impact of measurement error on the precision of the estimates. Compared to
the RMSE for the benchmark model, the RMSE for beta increases by 36% in the case of a
small measurement error and almost triple for the medium size measurement error. Besides the
attenuation bias affecting all betas uniformly the larger MSE due to the measurement error also
increases the risk of a faulty sorting into defensive and aggressive stocks.

Table 3 contains the results for the case where the errors are fixed and the market proxies are
based on a subset of the asset universe. Using a market proxy based on equal weights generates
the expected distortions. We consider seven different scenarios with fixed measurement errors.
The first two cases (columns 2 and 3) capture the case where the market proxy is based on
the true weights for the 25 percent and the 75 percent largest assets and the corresponding
smaller assets are ignored. Note, that in this case where the true weights of the smaller assets

are ignored the active weights do not add up to one. We therefore also report in columns 3 and
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4 the results based on the same index as before, but with normalized weights such that they
satisfy the adding up constraint. This simply changes the dimensionality of the market proxy

and has a scaling effect on the betas.

Table 3: MC-results for the CAPM with fixed measurement error

true weights normalized weights equal weights

M 025N  0.75N 0.25N 0.75N  0.25N  0.75N M=N
RR(r}, ,7my)  1.8371 1.0821  0.9745 1.0008  0.8895 0.9801 0.9497
P(ri e rme)  0.9934  0.9998  0.9934 0.9998  0.9908 0.9806 0.9730
N, 1.3465 1.0401 0.9807 1.0002  0.9343 0.9709 0.9481

a 0.2954 0.0273 0.2954 0.0273  0.2700 0.0205 0.0872
RMSE(&) 6.1324 5.8448 6.1324 5.8448  6.0944 6.1449 6.2817
ERR(.05) 0.0620 0.0528 0.0620 0.0528  0.0638 0.0778 0.0903
E 1.2530 0.9872 0.9125 0.9494  0.8769 0.9587 0.9434
RMSE(f) 1.4764 0.6271 0.6248 0.5876  0.6439 0.6343 0.6454
SR 0.1207 0.1237 0.1207 0.1237 0.1182 0.1214 0.1197

TR 6.9287 8.7436 9.5136 9.0915 10.0315 9.0675 9.2609

Mean estimates for 10,000 replications and the parameter estimates for the different assets. The
dimension of the asset universe is N = 205, the number of assets in the regression model equals
15. Columns 2 - 8 contain estimation results for the CAPM with the proxies for market returns
based on weights containing fixed measurement errors. ERR(.05) denotes the average empirical
rejection rate for the absence of abnormal returns (single equation test) for a significance level
of 5 %. SR and TR denote the mean Sharpe ratio and the mean Treynor ratio across all Monte

Carlo estimates and assets. True values: § = 0.9520, SR = 0.1175, TR = 8.8070.

The last three columns of Table 3 contain the estimates for models where the true weighting
scheme is replaced by equal weights. In the last column the estimation results are given when
the index is based on the all assets but equal weights of size 1/205 are used instead of b*. These
estimates come rather close to the ones obtained when the true market index is used. Both the
reliability ratio as well as the correlation between true index and the proxy are close to one.
However, this particular finding should not be overemphasized because it is strongly based on
the underlying Monte-Carlo design. The true weights and the equal weights of size 1/205 do
not differ very much, so that the fixed measurement error turns out to be rather small. More
interesting is the non-monotonicity of the quality of the estimates in terms of the number of

assets used. The estimates where the index represents the 75 percent largest assets are slightly
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superior compared to the two other scenarios. If the index represents only the capitalization of
25 percent largest assets the estimates reveal the largest biases. For all scenarios we find a slight

over-rejection of the null of no abnormal returns.

3.2 Effects on Performance Measures

CAPM parameter estimates are frequently used to compute performance measures for single
assets or portfolios. Obviously the bias in the parameter estimates directly passes on to biases
in these performance measures. Consider, for instance, the Sharpe ratio and the Treynor ratio

for asset j =1,..., N:

In last two rows of Table 2 and Table 3 we report the estimates of average Sharpe ratios and
Treynor ratios under the different regimes of misspecification. The attenuation bias for beta also
leads to an attenuation bias for the Sharpe ratio, while for the Treynor ratio the attenuation bias
leads to a strong upward bias because the too small estimates for beta enter the denominator of
the Treynor ratio.

Figure 1 depicts the box plots for the estimated Treynor ratio for each of the 15 selected
assets. As implied by the theory the mean estimates are the same for all 15 assets and are equal
to the true value of the expected excess return of the market indicated by the blue horizontal
line. Note that due to the large sampling variation the Treynor ratio can only be estimated with

low precision, even in the absence of measurement error.
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Figure 1: Estimates of the Treynor Ratio for 15 assets based on 7, ,

Figure 2 depicts the box plots for the Treynor ratio based on equal weights and weights with
random measurement error. With measurement error in the market return we find an even
stronger variation in the performance across assets although the CAPM holds true. The presence

of measurement error mimics investment opportunities where none exist.
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Figure 2: Estimates of the Treynor Ratio in the case of known asset universe and equally
weighted market index (left) or with random measurement error with o, = 0.05 (right)

The consequences of measurement error in the market return for investment decisions based
on CAPM estimates can also be seen for the security market line (SML). Figure 3 depicts the
unbiased CAPM estimates based on true market return (green dots) and the biased estimates
based on equal weights (blue dots). If the market return is measured correctly the estimates are
scattered closely around the SML indicating no need for reshuffling the portfolio. However, with
measurement error the estimates indicate investment opportunities due the spurious abnormal
returns. Note, that the case depicted here is based on the true SLM, i.e its slope is given by
w*. Since in the case of random measurement errors, u* = p the sample mean of the excess

return 7, ; can serve as an unbiased estimate for the slope of the SML. However, in all other
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cases considered p* # u, and the mean excess return of the market proxy does not yield a
consistent, estimate of the slope. In this case the CAPM estimates deviate systematically from
the true SML as can be seen from Figure 9 in Appendix A.3. The biased estimated SML and
the attenuated CAPM beta estimates mimic investment opportunities with assets lying above

and below the estimated SML.
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Figure 3: Security Market Line and CAPM estimates with and without Measurement Error.
Green dots: estimates based on true market return. Blue dots: estimates based on equal weights.

4 Empirical Evidence in the Presence of Measurement Error

In the following we present empirical evidence on the relevance of measurement error in market
returns using our cross-equation identification strategy presented in Section 2.2. We use minimum
distance estimation (see Appendix A.1 for details) to estimate and test for attenuation bias and
the presence of abnormal returns for various datasets and alternative measures of the market
index. The effect of different market proxies on the beta estimates provides insights into the
robustness of CAPM estimates and the quantitative relevance of the measurement error problem.
In the first stage we estimate a CAPM system of regression equations by the seemingly unrelated
regression (SUR) approach. We call this system of regression equations CAPM linear projection
model (CAPM-LP) as it basically imposes no structure on the parameters implied by theory and

can be taken as a pure statistical concept. Alternatively, one may regard this model as a general

18



one-factor model with measurement error and/or abnormal returns, since non-zero intercepts
as a consequence of measurement error and abnormal returns are not separately identifiable.
The CAPM-LP, however, parametrically nests the standard CAPM (no abnormal returns, no
measurement error, N true betas) and the CAPM with measurement error (CAPM-ME) (A\; # 1,
N true betas and intercepts resulting solely from the presence of measurement error).

In the second estimation stage we impose the parametric structure implied either by the
CAPM-ME or the standard CAPM. For all the second stage estimates we use the inverse of the
first-stage variance covariance estimates as an optimal weighting matrix, so that the distance
statistics at the minimum are asymptotically x2-distributed (see Appendix A.1). Tests for nested
specifications can then be obtained by comparing the distance statistics of the restricted model
against the less restricted specification. Thus the difference in the distance statistics of the
CAPM-ME against the CAPM-LP is X%N_l)—distributed and tests whether the intercepts can
solely be explained by the intercepts of the CAPM-ME. This test therefore circumvents the
problem of identifying the true from spurious alphas.

Assuming the CAPM-ME holds and imposing in addition the absence of any measurement
error, A\; = 1, yields the minimum distance statistics for the standard CAPM. The difference
between the two corresponding distance statistics yields a X%l)-distributed test for the null
hypothesis that the CAPM holds against the more general CAPM-ME.

Finally, the X%N)—distributed Wald test on the zero intercepts tests in the tradition of the
CAPM against any alternative which implies non-zero intercepts (CAPM-ME, abnormal returns,
CAPM-ME including abnormal returns).

Table 4 summarizes the minimum distance estimates for three data sets consisting of different
securities: (i) 25 Fama-French portfolios formed on size (market capitalization) and book-to-
market ratio?, (i) a set of 20 randomly selected stocks from the S&P 500 (iii) 30 stocks of
the Dow-Jones Industrial Average Index (DJIA). Our estimates are based on monthly data
of size T = 60 and three different definitions of the market return. As market index we use
the value-weighted return of all CRSP firms incorporated in the US and listed on the NYSE,
AMEX, or NASDAQ as provided on Kenneth French’s website, the S&P 500 value weighted
index and the Dow-Jones Industrial Average Index (DJIA). By construction the CRSP index is

the broadest index in terms of the asset space covered, while the DJIA is the crudest proxy of

“see http://mba.tuck.dartmouth.edu/pages/faculty/ken.french/data_library.html
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the true market index. Therefore we would expect the lowest linear projection coefficient for the

DJIA and the strongest attenuation bias for the beta estimates.

Table 4: Minimum Distance Estimates and Tests under Measurement Error

French Fama S&P500 stocks DJ stocks

Market Index CRSP S&P500 DJIA CRSP S&P500 DJIA CRSP
CAPM vs. 61.98 32.72 38.28  28.18 61.88 100.47 30.94
CAPM-LP (0.00) (0.04)  (0.01) (0.11)  (0.00)  (0.00) (0.42)
CAPM-ME vs 39.16 26.23 26.12  26.95 32.03 31.99 30.90
CAPM-LP (0.03) (0.12)  (0.13) (0.11)  (0.32)  (0.32) (0.87)
CAPM vs 22.82 6.5 12.16 1.24 29.85 68.49 0.043
CAPM-ME (0.00) (0.01)  (0.00) (0.27)  (0.00)  (0.00) (0.84)
A1 0.97 0.690 0.579 1.25 0.65 0.55 1.023
N 25 20 20 20 30 30 30

T 60 60 60 60 60 60 60

Minimum distance estimates of the linear projection parameter A\; and MD-based tests for
different data sets and measures of the market proxies, p-values in brackets. N denotes here
the number of assets in the regression model. Sampling period: 2010:06-2015:05 for all data
sets.

Consider first the results of Wald test for the absence of intercepts (CAPM vs CAPM-LP).
Our findings are in accordance with many previous empirical studies rejecting the null of no
intercepts. However, note that in the presence of measurement error this test provides no
information whether the non-zero intercepts result from true abnormal returns or are spurious
due to measurement error. More interesting are the outcomes tor our test of the CAPM-ME
against the CAPM-LP. Except for the FF-data we find that the measurement specification is
sufficient to explain the presence of intercepts. Our test results indicate that the rejection of no
abnormal returns often found for many data sets are likely to be the outcome of measurement
error.

Note, that the linear projection coefficient A\; can only be interpreted as reliability ratio in
the case of the EIV model. Only for this case the projection coefficient is bounded between by
construction zero and one and implies an attenuation bias in the betas. Using the S&P500 and
the DJIA as market proxies we find for all datasets significant evidence for an attenuation bias.

The situation for the CRSP index as market proxy is somewhat different: The null of A\; = 1 for
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the Dow-Jones and the S&P500 stocks cannot be rejected, while it has to be rejected for the FF

data. But for this case the attenuation bias is rather small.

5 Conclusions

In this paper we take a closer look at the consequences of a misspecified market index in the
capital asset pricing model. Our focus is on two major sources of misspecification: (i) the use of
inaccurate weights and (ii) the use of only a subset of the asset universe to construct the index.
The consequences resulting from the use of badly chosen market proxy reach from inconsistent
parameter estimates to a misinterpretation of tests on the existence of abnormal returns. High
correlations between market proxies and the true market return are shown to be an insufficient
to indicate that the choice of a particular market proxy is negligible. What matters is the
predictive quality of the market proxy for the true market index in terms of a linear projection.

The estimation problems arising from measurement error in the market proxy deviate
substantially from the ones typically found in errors-in-variable models for linear regressions.
Unlike the true market index, market proxies are no longer orthogonal to the error in the CAPM.
Instrumental variable estimation generally becomes infeasible, unless additional identifying
assumptions are introduced.

For the the EIV-CAPM model, where the errors in the weights of the market index are
assumed to be random, we present a new identification strategy. This strategy accounts for
nonlinear cross-equation identifying restrictions which exploit the property that all CAPM
equations are effected by the same attenuation bias for beta. Our estimation strategy allows
us to test the linear projection based asset pricing model incorporating abnormal returns and
measurement error against the EIV-CAPM as well as to test the CAPM with measurement error
against the conventional Sharpe-Lintner CAPM without abnormal returns and measurement
error. Our empirical findings indicate for three different datasets and different market proxies,
that regardless of the assets under investigation the use of a more accurate proxy is rewarding
and reduces the estimation bias. Moreover, our estimates indicate that the existence of abnormal
returns in the conventional CAPM is spurious and can largely be explained by measurement
error. In this sense Roll’s (1977) fundamental critique can somewhat be mitigated.

However, the claim of this study is a rather moderate one. We do not intend to give an
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answer to the ongoing question of whether the CAPM is dead or alive. Our study simply points
out that if we want the CAPM to give a chance to survive as a workhorse in academic finance
and business, we should take it more seriously and try to account for the latency of the market
return as best as possible. In particular, this includes taking on a more skeptical view on the
evidence for the existence of abnormal returns in the presence of measurement error. Future
research should consider other types of measurement error (e.g. multiplicative errors) as well
as the consequences of measurement error in other multi-factor asset pricing models. In the
light of our findings it seems also rewarding to reconsider the construction of popular market
proxies which generally are characterized by a local bias contradicting the assumption that a
large fraction of the investors follow a global investment strategy and ignore returns from other

important tangible or non-tangible assets.
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A Appendix

A.1 Minimum Distance Estimation of the CAPM

Consider the stochastic form of the linear predictor equation for the j-th excess return on the

(observable) excess return of the market ry,; including an intercept:

! .
rje = Xy T+ Ujpq1, j=1,...,N,

where m; = (71, 7j2) contains the reduced form parameters of a CAPM with measurement
error and X{ = (1,7y,+). The collection of reduced form parameters into the so-called II-matrix

of dimension N x 2 is given by

™ pm(1—A1)B1 A
) pn (1 = A1)B2 - A2
H = =
v ] (1= M)BN MBN |
With Y; = ry = (rp,re2,...,7en)" as the vector of excess returns system of CAPM reduced for
regressions is given by
th = HXt + ug,

where IT = E[Y; X;]7'E[X;X]]~! is the matrix of linear predictor coefficients with its sample

counterpart

A T T -1
I = (Z YtXt’) (Z XtXt’> .
t=1 t=1
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The Pi-matrix stacked into a row vector

pm (1 = A1)

1B
pim (1 = A1) B2
™ = vec(Il') = g(0) = A152

Hm(l - Al)ﬁN
MBN

relates the 2N-vector of reduced form parameters to a vector g(-) of nonlinear functions of

the structural parameter vector § = (3, A1) of the same dimension, where 7 can be estimated

consistently by single equation least squares without loss of efficiency:

o (X'X)'X'7
. (i) ty (X'X)" XY,
m = vec = =

AN (X'X) ' X'YN

Under standard assumptions about the return process
VT (# —7) -5 N(0,9)

In the case of a homoskedastic error term vector with covariance matrix V[u] = X, the

asymptotic variance-covariance matrix of 7 takes the well-known form
Q=V[ =Lk [XX]

assumed for seemingly unrelated regression models. Generalizations of ) for the case of het-

eroskedasticity and autocorrelation can be easily derived.
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The minimum distance estimator 6 based on the restriction m = g(0) is defined by

o(Wr) = aregemein (7 — g(@O)'Wr[7 — g(0)],

where Wr converges asymptotically to the positive definite matrix weighting matrix Wy. The
optimal feasible weighting is given by Wp = [%Q]*l, where () is a consistent estimate of the
asymptotic variance covariance matrix of 7. Note, that ¢g(-) depends on the unknown parameter

tm. In our empirical application, we replace p,, by its sample mean.
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A.2 Detailed Monte Carlo Results

27



'0L08°'8 = Y.L ‘SLIT'0 = YS ‘0TG6°0 = ¢ :SonJea aniy, "s9jRUIIISO O[IR)) dJUOJN [[@ SSOIO® OI}RI IOULDI], URDW 9} puUR o1jel odieyg UBLOW oY) 2j0UdD Y[, PUR Y S "% G JO [9A9]

oourOyIuUSIS ® 10J (3593 uoryenbe 9[Fuls) sUINJOI [RUWIOUQR JO 9OUISUR Y} I0J 2jel uoljoafar reorrdwe afeiaae oY) S9j0ULp (GO )Y Y H "SIOIId WOPURI I0 POXY M SIYSIOM UO Paseq suInjal joxiew ayj jo sarxord

oUY UM NAVD OU} 10J SINSOI UOIJRUIISO

urejuod spued IOYIN, "UINJDI JO3IRW (SS9OX9) 9NI) 9YJ UO pPaseq Sojew)se aferasr oy} surejuod [pued j4sir ‘suorjedijder QOO I9A0 3[nsax afersay :uorydiiosa(g

19¢°6 v0e'8 78L’8 €IL'8 68¢°8 89¢°8 G81°6 VLTS vE8'8 8L9°8 2ET’6 9€¥°0T 899°6 02L0T LLTTT ¢S0°01 dq.L

0g1°0 L60°0 6€1°0 2010 8€T0 7.0°0 G0T"0 0600 8¥T°0 TET0 990°0 690°0 ov1°0 671°0 9810 T6T°0 qs

€¥6°0 69G°T 656°0 €8T €99°0 99T°T LLGO TET'T 168°0 1960 062°T L96°0 L0T°1 2gg0 €19°0 1690 m\ N =W

060°0 980°0 9¢0°0 8600 €90°0 790°0 €900 7800 0500 Gg0°0 0¢0°0 160°0 LIT°0 9710 LST0 €210 (so)yya

L80°0 7670~ Ge1'0- T0€°0- 68€°0- I8G°0- 170°0- 1€6°0- 860°0- ¥4c0- T61°0 62T'T ¥26°0 698°0 vLTT €19°0 (]

890°6 vce's 6€9°8 €098 79€'8 99¢°8 L60°6 T8T'8 6898 9€7'8 0L6°8 9L€°0T 8¥€°6 €70°0T 6T1S°0T 9GL°6 4q.L

cto 960°0 ov1°0 €01°0 LETO 7,00 901°0 880°0 8¥1°0 YET0 L90°0 690°0 €VI0 LST°0 €91°0 S61°0 qs

6G6°0 Gag'1 GL6°0 (41t Ggg0 99T°1T L8G°0 (44t G06°0 9LG°0 vee' 1 1L6°0 PAZANN 88G°0 679°0 L09°0 m N *GL0=

8L0°0 7.0°0 8¢0°0 jee{00] L9070 LS00 €90°0 GL0°0 €900 990°0 2g0°0 160°0 980°0 L60°0 7810 00T1°0 (soNyua &

1200 G6.L°0- 12c0- €9€°0- LLE0- 2080~ 180°0- 7L 0- 691°0- 16€°0- 7€0°0- erT'l 799°0 L09°0 S00°T 7050 ©

2e€0°01 1976 I8L°6 00S°6 99711 82¢0°0T (4108 681°0T 9286 G16°01 718°'8 2E€8°0T G196 €986 988°6 996°6 dq.L

S8TT°0 060°0 I€T°0 660°0 0110 890°0 660°0 8L0°0 6€1°0 €110 ¢L0°0 0L0°0 6V1°0 0LT°0 €81°0 ¢02°0 dqs

LL8°0 vLET G980 6071 Tev0 L00°'T GTg'0 TE6°0 7080 8G7°0 el 626°0 veT'1 L6S°0 989°0 7650 m N *GZ'0 =N

¥90°0 2g0°0 650°0 jeie{00] 880°0 ¥40°0 8G0°0 090°0 190°0 0L0°0 0L0°0 €80°0 Gg0°0 LS00 490°0 TL0°0 (s0)Hya

042°0 290°0 G8Z'0 1610 vLG°0 96€°0 8L2°0 81¥°0 662°0 ov¥ 0 068°0- 910°T 8120 8120 0Z€0 S0€°0 ©

260°6 970°6 °66°8 786'8 €9€°6 9€C°6 88€'6 8126 066'8 9T€"6 80T°6 cS1'6 0L8'8 7268 698'8 GT6'8 dq.L

ve10 060°0 9€T°0 660°0 Gc1'0 0L0°0 €01°0 180°0 SvT0 ¥¢1°0 L90°0 8L0°0 (4 0} 8LT°0 7610 7120 qs

676°0 SEV'T 6€6°0 067°1T €09°0 160°T 89¢°0 610°T LL8O 62970 L0€'T L80°T cIe’1 LS990 v9L°0 199°0 g N *GL°0= N

€80°0 2s0°0 9G0°0 2g0°0 790°0 2g0°0 7600 gg0'0 2g0°0 ¢s0°0 1600 €90°0 0S0°0 1600 €90°0 9¢0°0 (so)uya

L20°0 LTT°0 0200 7.0°0 9€0°0 €L0°0 €70°0 €L0°0 8T0°0 €2¢0°0 G10°0 700 600°0- S¥0°0- 74900~ S10°0- ©

V1S6 €1L°6 81¢°6 €19°6 GLY0T €80°0T 066°6 6L0°0T cLY'6 €92°01 62€°6 2016 T96°8 TLL'8 1698 €16'8 dq.L N

cro 780°0 621°0 G60°0 vIi1°0 G90°0 660°0 GL0°0 6€1°0 V110 990°0 6L0°0 cS10 Z8T1°0 2020 9120 4qs

€16°0 el 688°0 o1v'1 94¥°0 0T0°T 8€4°0 g€6°0 v€8°0 98¥°0 LLT'T 260°T 86C°T L99°0 68L°0 199°0 m N *G2°0 =N

290°0 €L0°0 €90°0 690°0 cL00 ¥90°0 090°0 TL0°0 €90°0 990°0 1600 €90°0 0g0°0 GG0°0 L90°0 960°0 (soNuya

G620 798°0 20¥°0 689°0 6170 81L°0 692°0 LGL°0 Iv€0 0L€°0 661°0 290°0- 1€0°0 LLT°0- 0€€°0- 6S0°0- ©

VL8 004°8 8¥9°8 798 700°6 £88°8 620°6 998°8 979’8 096°8 6GL°8 208’8 1€49°8 €848 02g'8 €89°8 dq.L

ve10 060°0 9€T°0 660°0 Gg1'0 0L0°0 €0T°0 180°0 S¥1°0 ¥C10 L90°0 8L0°0 CST0 8LT°0 7610 v1c0 qs

L86°0 G671 9L6°0 67S°T €290 VET'T 06S°0 090°T 216°0 09g°0 6G€°T T€T'T 79€'T €89°0 V6.0 L89°0 & N *GL°0= N

€80°0 2S00 9G0°0 ¢G0°0 7S0°0 2S00 7600 gg0'0 2S0°0 2S00 TG00 €90°0 0S0°0 1600 €900 980°0 (so)yua

L20°0 LIT0 0200 7.0°0 9€0°0 €L0°0 €70°0 €L0°0 8T0°0 €200 G100 I70°0 600°0- Gv0°0- 7490°0- G100~ (]

6269 v.L0°L €69 8269 629°L T3E°L 9LT°L ove L 8689 VLV L 76L°9 6299 L2899 88€°9 82C'9 2679 dq.L e

cto 780°0 621°0 g60°0 VIi1°0 G90°0 660°0 GL0°0 6€1°0 VIi1°0 990°0 6L0°0 cs1°0 Z8T1°0 2020 912°0 qs

€49C'T a8l 1ce'1 9€6°T L2390 L8E'T 6€L°0 v8T'1 IrT'1 1990 €GL°T 6671 €8L°T 916°0 ¥80°T 806°0 m N *G2'0= N

290°0 €L0°0 €90°0 690°0 ¢L00 790°0 090°0 TL0°0 €90°0 990°0 1600 €90°0 0g0°0 Gg0'0 L90°0 9¢0°0 (soNyya

G620 798°0 20¥°0 689°0 6170 81L°0 692°0 LGL°0 1v€0 0L€°0 661°0 290°0- 1€0°0 LLT°0- 0€€°0- 6S0°0- ©

G69°6 cLG6 1€9°6 Ge€9’6 G66°6 86.L°6 9€0°0T €EL6 084°6 70001 0GL°6 16L°6 6776 G69°6 2ES'6 999°6 qd.L

LIT0 G80°0 8C1°0 €60°0 6TT°0 990°0 860°0 LL0°0 LETO LIT0 €90°0 7.0°0 €VT°0 991°0 Z8T'0 T02°0 qs

1160 08€'T 1060 aTv'1 G8¥%°0 8V0°T ave o 186°0 6€8°0 60970 [4rams 0g0°T 98T'1 L29°0 T€L°0 G€9°0 m 1000 = "o

080°0 S60°0 €80°0 660°0 9L0°0 LL0°0 990°0 TL0°0 LL0°0 GL00 7.0°0 cL0'0 860°0 L90°0 8L0°0 L80°0 (s0)yya

2c0g'0 06L°0 8.L7°0 cI8°0 GLT0 8.1G°0 91€°0 jeeten] 8L7°0 LLT0 €0L°0 0480 €89°0 v2e0 8L€°0 6€€°0 ©

87S¢'CT VELTT LT9°€eT 06871 00¢°0T c9€°€eT 9897 S8ISVI TL7'8 8.9°0T G9€°ST L66°TT 9L€°6 c19°CcT 896°CT GeEVET q.L

G80°0 290°0 €60°0 890°0 980°0 8%0°0 TL0°0 960°0 660°0 G80°0 9¥0°0 7900 701°0 0210 2ET'0 9710 qs a

099°0 9L6°0 0G9°0 810°T 67€°0 6V.L°0 G6€°0 969°0 G09°0 0L€°0 706°0 LLLO 026°0 89¥°0 0gg°0 oLy 0 g Gz0'0 = "0 >

9L¥°0 G190 c1g°0 €499°0 TLEO 26€°0 87€°0 cIv'0 [44°Ny] €LE°0 92¥°0 91¥°0 cL90 7670 8LS°0 6750 (so)uua M

799°C 080°% €19°C €1e’v GEV'T vso'e 1191 €L8'T cLY'C 8871 G99°¢ 160°€ 699°€ 608°T 660°C cER'T © o
=

626°1¢C 8CG'T 10702 796°GT 697°6 G99°0 GG.L 8T 1LV LC- g0T' €T TGL°6- L86°0C vco'Le 706°8C 6396°1€ v6e 1~ L8971 dq.L <

670°0 LEOO GG0°0 0v0°0 1600 620°0 Zv0°0 7€0°0 8G0°0 670°0 L20°0 1€0°0 090°0 L90°0 €L0°0 €80°0 4qs

€82°0 ¢1v°0 8.2°0 ceV0 67170 02€°0 691°0 v62°0 6592°0 659170 88¢€°0 8€€0 86€°0 S02°0 €ve o L02°0 m g0'0 = "o

2180 9¢8°0 780 948°0 G1L°0 LELO €1L°0 vGeL 0 LV8°0 L3L0 TLL°0 G6.L°0 €€6°0 0480 €16°0 L88°0 (s0NHya

Gc0'g 20G°L 926’V LT8°L ¥89°¢C 889°¢ 0€0°€ 91€°g (454 128'¢C LL89 VL8°G 1869 (45 9ET'V 8¥9°€ ©

790°6 1968 7668 vE€6'8 ¢ST6 6S1°6 67€°6 160°6 986°8 Vv 6 LOT'6 L21°6 G88'8 G66°8 LV6°8 GL6'8 dq.L

€C1°0 060°0 9€T°0 660°0 921°0 04070 7010 180°0 S¥T°0 ¥¢1°0 L90°0 8L0°0 IST°0 9LT°0 2610 ¢120 qs Q

€96°0 (43 2m1 €¥6°0 LE6V'T 80¢°0 00T'T 0LG°0 0€0°T 8L8°0 ceg0 60€°T 260°T o1€e'1 1690 96.L°0 699°0 g u,:hs W

1600 1600 LS00 €80°0 670°0 7500 1600 0S0°0 870°0 cs0°0 Lv0°0 1600 cs0°0 1600 160°0 gg0°'0 (so)yya 2

900°0- 8T0°0- 8¢0°0- 8T0°0- €00°0- ¥10°0- 010°0 0€0°0- 900°0 800°0- L00°0 800°0 S00°0- L00°0- T00°0 800°0 o

uedIN ST i €1 (4 It 01 6 8 L 9 g i4 € 4 T

IOIIO JUOUIOINSeOU [[IIM

INAVD o 10§ SYNSeI-DIN G O[q¥L

28
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Figure 4: Sharpe Ratios of 15 assets based market indices with random measurement error
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Figure 5: Sharpe Ratios of 15 assets based on market indices based on the subset of assets with

true weights
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Figure 6: Sharpe Ratio of the assets from the CAPM with market proxies based on the subsets

of assets with true normalized weights
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Figure 7: Sharpe Ratio of the assets from the CAPM with market proxies based on the subsets
of assets with equal weights
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Figure 8: Security Market Line and estimated betas in the case of random measurement error in
the weights of the market portfolio
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Figure 9: Security Market Line and estimated betas in the case of misspecified index based on
the subset of assets
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