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THREE LIKELIHOOD-BASED
METHODS FOR MEAN AND
COVARIANCE STRUCTURE
ANALYSIS WITH NONNORMAL
MISSING DATA

Ke-Hail Yuan*
Peter M. Bentlet

Survey and longitudinal studies in the social and behavioral sci-
ences generally contain missing data. Mean and covariance struc-
ture models play an important role in analyzing such data. Two
promising methods for dealing with missing data are a direct
maximum-likelihood and a two-stage approach based on the un-
structured mean and covariance estimates obtained by the EM-
algorithm. Typical assumptions under these two methods are
ignorable nonresponse and normality of data. However, data sets
in social and behavioral sciences are seldom normal, and expe-
rience with these procedures indicates that normal theory based
methods for nonnormal data very often lead to incorrect model
evaluations. By dropping the normal distribution assumption,
we develop more accurate procedures for model inference. Based
on the theory of generalized estimating equations, a way to ob-
tain consistent standard errors of the two-stage estimates is
given. The asymptotic efficiencies of different estimators are com-
pared under various assumptions. We also propose a minimum
chi-square approach and show that the estimator obtained by
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this approach is asymptotically at least as efficient as the two
likelihood-based estimators for either normal or nonnormal data.
The major contribution of this paper is that for each estimator,
we give a test statistic whose asymptotic distribution is chi-
square as long as the underlying sampling distribution enjoys
finite fourth-order moments. We also give a characterization for
each of the two likelihood ratio test statistics when the underly-
ing distribution is nonnormal. Modifications to the likelihood ra-
tio statistics are also given. Our working assumption is that the
missing data mechanism is missing completely at random. Exam-
ples and Monte Carlo studies indicate that, for commonly encoun-
tered nonnormal distributions, the procedures developed in this
paper are quite reliable even for samples with missing data that
are missing at random.

1. INTRODUCTION

Mean and covariance structure models play an important role in under-
standing relationships among multivariate observations. With popular
software—e.g., LISREL (J6éreskog and Sérbom, 1993) and EQS (Bentler
1995)—these kinds of models are widely used in social and behavioral
sciences. Special cases include path analysis, confirmatory factor analysis,
errors-in-variables, simultaneous equations, and other latent variable struc-
tural equation models (e.g., see Kline 1998; Mueller 1996). With a com-
plete sample, various approaches to estimation and testing in mean and
covariance structures have been developed (e.g., Bollen 1989; Browne
1984; Browne and Arminger 1995; Satorra and Bentler 1988, 1994; Yuan
and Bentler 1997a, b 1998). However, in the social and behavioral sci-
ences, data collection may involve long questionnaires that are tiring to fill
out precisely, and a single study may take several years to complete, so that
missing data are almost inevitable. Despite this fact, not many statistically
sound approaches to mean and covariance structures with missing data are
available, especially, for the typical nonnormal data sets that are found in
social and behavioral sciences (Micceri 1989). There is no effective way to
evaluate a hypothesized mean and covariance strygtsre (6y) ands, =

3(6o), generally regarded as the most critical part of modeling hypothet-
ical relations among latent variables.

When data are multivariate normal and the missing data mechanism
is ignorable, which includes missing at random (MAR) and missing com-
pletely at random (MCAR) (Little and Rubin 1987; Rubin 1987; Schafer
1997), estimation and inference can be accomplished by maximum like-
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lihood (ML) facilitated by the EM-algorithm (Dempster et al. 1977; Little
and Rubin 1987; Meng and Pedlow 1992; Schafer 1997). One such ap-
proach is a two-stage method (e.g., Brown 1983; Finkbeiner 1979; Rovine
1994). In the first stage of this approach, estim¥gands, of u ands are
obtained through the EM-algorithm based on a multivariate normality as-
sumption. The second stage is to proceed with the analysis as in the com-
plete data case, treatig andS, as the sample mean and sample covariance
matrix. In this stage, one obtains an estimétef §, by minimizing the
likelihood ratio function based on a normality assumption

Fuc(0) = tr(S,271(9)) — log|S,2H(9)]
+ (X — w(0)'27H(0) (Xn — 1(6)) — p, @

wherep is the number of variables, afld = nFy, () is a test statistic to
evaluate the model structure (e.g., Browne and Arminger 1995). Another
approach to obtain an estimatedgfis a direct ML method (e.qg., Allison
1987; Arbuckle 1996; Finkbeiner 1979; Jamshidian and Bentler 1999; Lee
1986; Muthén et al. 1987). For thih observed cask, with dimensiorp;,
E(X;) = u; and co«X;) = X;, where the latter are a subvector and a
submatrix ofy and>, respectively. With

i 1
1(0) = 5 log(2m) — 5 {logl3,(0)| + (X, = i (0))

X 37O (X — mi(0)}, 2

the direct maximum-likelihood estimate (MLE ran be obtained by max-
imizing the log-likelihood function

1(6) = Z l;(0).

Let vech() be an operator that transforms a symmetric matrix into a vector
by stacking the columns of the matrix, leaving out the elements above the
diagonal. We will user = vechX) andB = (a’,u')’ for convenience.
With missing data and a saturated model, gthand; are functions of3,

and the corresponding log-likelihood function is given by

1(B) =3 1(B). ®)
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Denotef the estimator of3, obtained by maximizing (3). Based on nest-
ing in the saturated modék, ), the associated likelihood-ratio statistic
T, for testing the structuréu (0),2(0)) is (e.g., Arbuckle 1996).

T, =2[1(B) — 1(0)].

Because no better alternative is available, these two approaches are
commonly used in practice even when data are nonnormal. For example,
the direct ML approach is implemented in the computer programs LINCS
(Schoenberg 1989), AMOS (Arbuckle 1996), Mplus (Muthén and Muthén
1998), and Mx (Neale 1994). Under the assumption of multivariate nor-
mality and the null hypothesi3; is asymptotically distributed aéﬂ,*,q,
wherep* = p(p + 1)/2 andq is the number of unknown parametersin
When data are complefg,equalsT, and equals the commonly used Wishart
likelihood-ratio statisticTy, . For complete data, conditions also exist for
Twe to be valid for nonnormal data with some specific models (Amemiya
and Anderson 1990; Anderson and Amemiya 1988; Browne 1987; Browne
and Shapiro 1988; Mooijaart and Bentler 1991; Satorra and Bentler 1990,
1991; Shapiro 1987; Yuan and Bentler 1999). Unfortunately, there is no
effective way of verifying these conditions in practice. When these con-
ditions are not satisfied, normal theory methods generally lead to incorrect
model evaluation and misleading substantive conclusion even in the com-
plete data cases (e.g., Hu et al. 1992; Curran et al. 1996; Yuan and Bentler
1998), and it is unlikely that one can avoid the incorrectness with an added
missing data problem. Ideally, one would model the data by finding a non-
normal distribution, and inference could proceed with maximum likeli-
hood. Unfortunately, distributions of real data in the social and behavioral
sciences tend to be skewed and to have heterogeneous marginal kurtoses.
Existing classes of multivariate nonnormal distributions are either too re-
stricted or have unknown distributional forms (e.g., Olkin 1994; Fang et al.
1990; Yuan and Bentler 1999). It is not an exaggeration to say that, in
practice, any application of the maximum-likelihood method with multi-
variate data is at best only an approximation to reality. Normal theory-
based methods represent one type of such an approximation.

Abreakthroughin mean and covariance structure analysis with non-
normal missing data was made by Arminger and Sobel (1990). Using the
pseudo maximum-likelihood (PML) theory developed by Gourieroux et al.
(1984), Arminger and Sobel proposed the sandwich-type covariance ma-
trix in describing the distribution of parameter estimates instead of the
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inverse of the normal theory-based information matrix. Sandwich-type
covariance matrices for covariance structure analysis with complete data
have been proposed by Dijkstra (1981), Bentler (1983), Shapiro (1983),
Browne (1984), Arminger and Schoenberg (1989) and Browne and Arm-
inger (1995). Our experience indicates that standard errors based on the
sandwich-type covariance matrix are much more accurate in evaluating
parameter significance than those based on normal theory methods. On the
other hand, the sandwich-type standard errors behave similarly with those
based on normal theory methods when data are multivariate normal (e.g.,
Yuan and Bentler 1997b). Based on simulation studies with various distri-
bution conditions, Yuan and Bentler recommended the sandwich-type co-
variance matrix as the default output in structural equation modeling
programs.

Almost all the normal theory-based missing data methods assume
that the missing data mechanism is MAR. This assumption may not be
realistic with practical data (e.g., Allison 1987:77). A more frank attitude
should be that some missing variables are MCAR, some are MAR, and
some may even be not missing at random (NMAR). Like the normality
assumption on distribution, MAR represents only a working assumption
for missing data. If data are normal and all the missing variables are either
MAR or MCAR, parameter estimates based on maximum likelihood will
be consistent (Rubin 1987). However, admitting an incorrect distribu-
tional specification, according to Laird (1988) and Rotnitzky and Wypij
(1994), the parameter estimates will be inconsistent unless the missing
data mechanism is MCAR. With missing data from a distribution having
heterogeneous marginal skewness and kurtosis, it is not clear how to spec-
ify the likelihood function for obtaining the true MLEs. Normal theory-
based maximum likelihood is still a working approach to missing data
problemsin mean and covariance structures regardless of what the missing
data mechanisms are. Actually, whatever the assumption on the missing
data mechanism is, once a fitting function as in (1) or (2) is chosen, the
MLEs of the model parameters are the same. If there is a bias in a param-
eter estimate, the bias will not disappear because some untrue assumptions
have been accepted. In order to obtain sensible statistical inference, there
are two sets of assumptions one can choose: (I) normal data and MAR
mechanism; (II) nonnormal data and MCAR mechanism. Besides Arm-
inger and Sobel (1990) and Yuan and Bentler (1996), almost all missing
data methods for mean and covariance structure analysis assume normal
data. All the likelihood-based methods assume the MAR mechanism. The
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advantage of picking assumptions () is that one can use the likelihood
ratio statistic and Fisher information-based standard errors for model in-
ference. Unfortunately, inference based on normal theory can be quite mis-
leading in practice. If assuming (1), one has to develop new statistics and
standard errors for model inference.

Arminger and Sobel (1990) developed the sandwich-type covari-
ance matrix for parameter estimates obtained by maximizing (2). With
assumptions (ll), the present paper has the following four contributions.
First, a new and rather natural approach for estimaijrig proposed. The
new estimatow is asymptotically at least as efficient as eitifeor 6.
Second, we will develop a sandwich-type covariance matrixdfcand
study the asymptotic efficiencies of the estimatéyr$, andé. Third, we
will characterize the asymptotic distributionsffandT,. Rescaled ver-
sions of these test statistics, whose distributions should be better approx-
imated by the proposed chi-square distributions, will be given. Fourth, for
each estimator we give a test statistic whose asymptotic distribution is
chi-square regardless of the underlying distribution. In addition to the above
four contributions, we also study how much bias in parameter estimates
occurs when MCAR is not a realistic assumption. Our statistical develop-
ment of these procedures is based on the approach of the generalized es-
timating equation developed in Liang and Zeger (1986) (see also Yuan and
Jennrich 1998). When applied to mean and covariance structure analysis,
the regularity conditions involved are as follows: the population covari-
ance matrix is positive definite, fourth-order moments exist, and the struc-
tural model is identified and twice continuously differentiable. These
regularity conditions will be assumed throughout our development, with-
out being specified explicitly. Aclosely related approach is the PML theory
set out by Gourieroux et al. (1984) and applied to mean and covariance
structure models by Arminger and Schoenberg (1989) and Arminger and
Sobel (1990). Parallel developments for covariance structures with com-
plete data are made by Dijkstra (1981), Shapiro (1983), Browne (1984),
Arminger and Schoenberg (1989), and Browne and Arminger (1995), and
for arbitrary types of structural models by Bentler and Dijkstra (1985).

The rest of this paper will be arranged as follows: The asymptotic
distributions of different estimators and their asymptotic efficiencies will
be studied in Section 2. Different test statistics for evaluating model struc-
tures will be given in Section 3. Since many applications in practice in-
volve only a structured covariance matrix with a nuisance mean vector, we
will turn to this special case in Section 4. lllustrations and comparisons
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among various procedures are presented in Section 5. Simulation studies
on parameter bias will be described in Section 6. Some concluding re-
marks are given at the end of the paper. An outline of relatively compli-
cated proofs will be given in an appendix.

2. ASYMPTOTIC DISTRIBUTION AND EFFICIENCY

In this section, we will study and compare three estimators: (1) the two-
stage estimatof, (2) the direct MLE#, and (3) a minimum chi-square
estimatord that will be introduced in this section.

In order to study the asymptotic distribution@fwe need to know
the distribution oX,,andS,. Since the E-step of the EM-algorithm is based
on the normality assumption, the parameter estimiate(vech (S,), X,)’
of B= (o', ") actually maximizes the log-likelihood functionin (3). Con-
sequentlyp is a stationary point of the generalized estimating equation

G(B) =0, (4a)
where
cip -3 (ab)

LetBodenote the population counterpari®fif E[G(Bo)] = 0, then under
some standard regularity conditionsjs strongly consistent and asymp-
totically normally distributed (Yuan and Jennrich 1998), and

V(B = Bo) = N(0,09), (5a)
whereQg = Az Bg Azt with
1. 9%1(Bo) L& ahi(Bo) 91i(Bo)
AB__“m_ ) Bﬁ—“m_ ——/
e NSy 9B0dPBo nee NS 0B IBo
(5b)

Similar results can be obtained using the PML theory (Gourieroux et al.
1984; Arminger and Sobel 1990). The estimating equation (4) is called
unbiased IfE[G(By)] = 0 (e.g., Godambe and Kale 1991). In such a

case, the result in (5) holds regardless of what the underlying distribution
of the data is. When the missing data mechanism is MCAR, (4) is un-
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biased. When data are normal, (4) is also unbiased for MAR data. When
Xi ~ N(ui(u),2i(X)), thenAg = Bg, which corresponds to the normal
theory information matrix an€g = Az is the minimum asymptotic co-
variance matrix any estimator can achieve. For a general nonnormal dis-
tribution, 3 does not enjoy such an optimum property. However, for the
unbiased estimating equation (4), regardless of the distribution of the data,
consistent estimates @f; andB; can be obtained by replacing the un-
known parameteB, in (5b) by 3 and omitting the limit notation; we will
denote such an estimator By. In addition, note that the form a; also

does not depend on the underlying distribution. Let

_ J VeC(Ei)

’ b

o

and =",
o

Ki
do

which are respectivelg? X p* andp; X p constant matrices with elements
being either 1 or 0, then

n

1 1
EJLTOH;K((Ei_l@Ei_l)Ki 0
AB = 1 n
0 lim — Z 3t

n—oo N i=1

We will denoteH, = A; for easy comparison of efficiency.

Equation (5) gives a justification for using the normal assumption
based EM-algorithm to impute the missing data from a nonnormal distri-
bution. This result is necessary to study the distributiod,cds well as
many other applications in whic®, or X, are used in multivariate analysis.

Now we can study the asymptotic distributionfofWhens; = 3,
thenk; = Dy, which is the duplication matrix as defined in Magnus and
Neudecker (1988, p. 49). Let

1 D/ t®2YHD, O
Hl - 2 P P

K

0 51

then the asymptotic distribution éfis given by (e.g., Browne and Arm-
inger 1995)

V(6 — 65) 5> N(0,05), (6a)
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where
Q5= (B'H1B) (B’ H1QsH18) (B'H1 )t (6b)

with B = 9B(6,)/964. A consistent estimate ai; can be obtained by re-
placings by S,, 8 by 3(6), andQ, by Q5.Notice that the sandwich-type
covariance matrix consists of the normal theory-based covariance matrix
(B'H18)~* on each side, which is due to the normal discrepancy function
equation (1). The middle block3'H;QzH; 8) accounts for the missing
information and (or) nonnormal data. Actually, for normal data without
any missing variableg); = Hy * andQ; = (8'H, 8) ! is just the inverse
of the normal theory-based information matrix.

We have obtained the distribution éfusing the result in (5). An-
other way of utilizing (5) is to estimat@, by minimizing

Qn(0) = (B — B(0)) Q3 (B — B(0)). 7

This is a minimum chi-square method, as developed in Ferguson (1996,
ch. 23), which requires sample size to be large enough, and the number of
variables to be not too large, so tlﬁa,g is invertible. A parallel approach

for obtaining parameter estimates with covariance structure analysis for
complete data was proposed by Browne (1984). With (5) and the standard
regularity conditions, the estimat@is consistent and asymptotically nor-
mally distributed with

V(6 — 6y) =5 N(0, Qp), (8)

whereQ; = (B'Qz18)* can be consistently estimated by replachig
andQ; by () andQ respectively.

Both the estimate§ andé are two-stage estimates, requiring the
initial estimateB. The direct normal theory MLE does not need to first
obtain. Using the theory of PML, Arminger and Sobel (1990) gave the
asymptotic distribution of),

V(9 — o) = N(0,0;), (9a)
whereQ; = A, 1B, A, with
12 0%(60) 1. 0li(6p) ali(6o)
A, = —Ilim — , By=Im—->» — ———.
n—eo N5 800806 n—eo N5 800 896

(9b)
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When data are normaly, = By, which is the normal theory information
matrix associated with the model, afig= A;* so that) is asymptotically
fully efficient.

Now we have three methods to estimége Even though all the
estimators are consistent and asymptotically normally distributed, there
exist differences in their efficiencies. When data are normally distributed,
we know tha# is asymptotically fully efficient with; = Ayt andQ; = Q;
in such a case. Singgis also asymptotically efficient when data are nor-
mal with Qz = Ag*, we hope this efficiency could be inherited ByThis
is actually true. Notice that tHg(6) in equation (2) depends @hthrough
B = B(6). It follows from a chain rule of differentiation

021;(0) _ 9B'(0) 0%1,(B) 3B(9)

= (10)
9606' 960 BB’ 06’

that A, = B'H, 3. It follows from (8) and (9) that); = Q, for normal
distributions. When data are not normal, we cannot compare the efficiency
of 6 andé, buté is asymptotically at least as efficient as eitAar 4. This

is shown in the following. LeY ~ N(&,Qg), where¢ is a mean vector of
proper dimension, the@’Q;*Y regressed oB'H, Y gives

E(B'OY[B'HLY) = B0 + (B HLB) (B HI0pH, B) 72
X B'Hi(Y — &). (11)

It follows from (11) that the covariance matrix of the residﬁ'éﬂlle -
E(B'Qz*Y|B'H.Y) is given by

B,Qﬁlﬁ' - (B,ng)(B,Hl‘QEHlB)il(B,HlB)’ (12)

which is at least a nonnegative definite matrix. Notice that the first term
in (12) is the inverse of); and the second term is the inverse(, it
immediately follows thaf); = Qg. Similarly, when sample size is large,

6 also has a theoretical advantage odefior general nonnormal data.
Using (5) and

ali(@)  ali(B) 9B(0)
90’ 0B 98’

(13)

we haveB, = 8'Bg 8 = 8'H2 Q4 H, 8 and it follows that
Q5= (B'H28) (B’ HQ3H2 B)(B'H28) . (14)
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ReplacingH, in (12) byH,, one obtains the residual covariance matrix of
B'Qz*Y regressing o’H,Y as

B'Qs B — (B'H2B)(B'H23H28) 1 (B'H2B), (15)

which implies that); = Q. So for both normal and nonnormal dafids
asymptotically at least as efficient as eitidesr 6. The inequality in); <
Qg is strict unless data are normal and complete, and the inequality<sn
Qg is strict unless data are normal. Notice that the asymptotic efficiency
possessed b§ may not hold for finite sample sizes, as was demonstrated
in Yuan and Bentler (1997b) for complete data. This implies that unless
sample size is large or data are extremely nonnoréhat,d may be pref-
erable in practice.

For nonnormal data, the comparison betwéandé is not so clear,
and their asymptotic efficiencies depend on the underlying sampling dis-
tribution. Notice thaH, ~ H, if the number of missing cases, < n. From
(6b) and (14), it follows thaf); ~ Q; in such a case. Even thoughis
asymptotically more efficient when data are normal, the advantage of using
the direct ML method may not be so obvious when the number of missing
cases is small compared to the sample size. Also, the direct ML approach
may need special programming (Jamshidian and Bentler 1999) while
(X,, S,) can be obtained through the EM-algorithm, which is straightfor-
ward. The implication is that the two-stage method may generally be pre-
ferred in practice.

3. TEST STATISTICS

In the last section, we have shown the large sample advantage of the min-
imum chi-square estimator over both the direct ML and the two-stage es-

timators. The minimum chi-square method also automatically produces a

test statistic for evaluating the structural mo@8e+ B(6). This is because

Ts = nQ(6) 5 Xpip—q- (16)

The statisticT; is a generalization of the asymptotically distribution free
statistic proposed by Browne (1984) for the complete data case, which has
been available in several major statistical software packages (e.g., LIS-
REL, EQS).

Before we construct new test statistics associated vithdd, we
would like to show that the statistids andT, generally do not asymptot-
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ically follow chi-square distributions with nonnormal data. As character-
ized in the following Lemmas 3.1 and 3.2 whose proofs are given in the
appendix to this chapter, these statistics approach some mixtures of chi-
square distributions instead. Based on these lemmas, we propose a re-
scaled version for each of the statistics. The new rescaled statistics are
better approximated by the reference chi-square distribqtﬁ)rrg*_q.

We will work on the two-stage likelihood ratio test statisTicfirst.
Let

Vi = Hy — Hi B(B'H:18) *B'H, (17)

andA”,j=1,-.-,p+ p* — q be the nonzero eigenvalues @fV;. The
following lemma characterizes the large sample proper{ of

Lemma 3.1Under some standard regularity conditions,

p+p*—q

C )
T — E Aj ijl,
=1

whereyf; are independent chi-square random variables each with degree
of freedom 1.

So the two-stage likelihood ratio test statistic generally does not
approachy?; 4 in dlstrlbutlon WhenQz! = Hl, Ql/zvlﬂl/2 is a pro-
jection matrix, and all tha"'s are equal to IT; > Xpﬂ, —q- ThIS is the
case with complete data sampled from a normal distribution. Sinap-
proaches a distribution of linear combination of chi-squares, and no com-
monly used distribution is available to describe the behavior of the linear
combination of chi-squares, we may resc@eso that it can be better
approximated by its proposed distribution. A simple choice is to reSgale
to have the asymptotic megnt+ p* — g, giving the statistic

T = (p+p* — QT /tr(QpVh), (18)

whereV is a consistent estimate ¥f. The statisticT;" is parallel to one
proposed by Satorra and Bentler (1988, 1994) for the complete data case.
Existing empirical experience with nonnormal complete data indicates that
the distribution ofl;* can be approximated by, .-, very well (Hu et al.

1992; Curran et al. 1996). More experience needs to be gained to evaluate
the performance of this statistic with missing data sets.
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In a similar way, the direct likelihood ratio statisfi also has a
distribution that approaches a linear combination of chi-square variates.
Let

Vo = H, — H, B(B'H2 8) *B'H; (19)

andA?,j=1,---,p+ p* — qbe the nonzero eigenvalues®@fV,. Then
we have the following lemma.
Lemma 3.2Under regularity conditions stated earlier,

‘ p+p*—q 2
L= > Aaf
i=1

wherey{ are independent chi-square random variables each with degree
of freedom 1.

SinceQ) = H, 1 when data are normal; will approach)(,§+p*_q in
this case. Generally, we may use a rescaled version of this statistic

T=(p+tp — Q)Tz/tr(fl/évz) (20)

in applications. As withl;*, more experience witfi; for different non-
normal data would be useful in guiding the application of such a statistic in
data modeling practice.

Since neithefT; nor T, or their rescaled versions asymptotically
follow chi-square distributions, we need to have other statistics to better
evaluate a structural model associated with the two types of ML-based
procedures. This is given in the following lemma and its derivation is
given in the appendix to this chapter.

Lemma 3.3Leté(d) = B — B(6) and

T(9) = ne'(0){0z1 — Q3 B(O)[B'(0) Q5 B(0)] B (0) 05 1e(6).
(21)

Then under the regularity conditions stated earlier, the distributions of
both T, = T(#) andTs = T(4) asymptotically followy2, ,«_q.

When data are not normal, the improper behavior of likelihood ratio
type test statistics is well known. Within the class of elliptical distribu-
tions, Muirhead and Waternaux (1980) and Shapiro and Browne (1987)
studied rescaled versions of likelihood ratio statistics. When data are not
elliptical, the rescaled statistics may not behave properly even when sam-
ple size gets larger. However, the statistigsand Ts always approach
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Xp+p —q regardless of what the sampling distributign is. Actually, the re-
sultin Lemma 3.3 can also be applied to the estimatarhich will result

in the statisticl; defined previously. So statistidgandTs can be regarded
as a generalization of the minimum chi-square test statistic.

We need to emphasize that the statisfigsT,, andTs may not be
computable unleség is invertable. A large sample size is usually needed
in order to get a nonsingulaig, and even larger sample sizes may be
needed foffs, T4, andTs to behave as nominal chi-squares. With complete
data, Yuan and Bentler (1997a, 1998) proposed some asymptotically equiv-
alent versions for these statistics that behave more like the nominal chi-
squares for small to medium sample sizes. It would be interesting to see a
generalization of these statistics to missing data cases in future studies.

4. STRUCTURAL EQUATION MODELING
WITH A NUISANCE MEAN

In many aspects of multivariate analysis—e.g., factor analysis and prin-
cipal components—the only interest is in covariance matrices, and the
population means are best considered to be free nuisance parameters. In
such a case, we denote the parameter in the covariance majtis@she
unknown parameter vector nowa@s= (y’,u’)’. In principle, the theory
developed in the last two sections also works for this case, but some of the
results can be simplified. Our purpose is to give a simplified form of the
different test statistics. We will usgto denote the number of unknown
parameters iry.

Since one still needs to estimaien the direct ML approach, this
approach is the same even though there is no interegt But in the
second stage of the two-stage approgaohill be estimated by minimizing
the Wishart likelihood function

Ful(y) = tr(S:271(y)) — log| Si=*(¥)| — p. (22)

So the statistid@; is nowT, = nFRy (7). LetQ, = Q(Bll) be the correspond-
ing consistent estimate of the covariancéothe statisticT; now becomes
Tz = nQ(y), wherey is obtained by minimizing

Qy) =6 — o (y)) Q'@ — o (y)). (23)

Similarly, the statisticl, andTs now becomel, = T(¥) andTs = T(9y),
respectively, where

T(y) = n&' (Y){Q:1 — Q5 o (y) o' (v) st (v)] Yo' (v) Qs e(y)
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with é(y) = & — o (). Each of the statisticE;, T4, andTs has an asymp-
totic distributiony}-_, regardless of what the underlying distribution of
the data is. In order to get the counterpart§pandT,’, let

1 12
W= DpE @I D, o= om Nk (@
i=1

Ul = Wl - Wld'(d"Wld')_ld"Wl, and
U2 = W2 - WzO"(O"’WzO")ila",Wz.

Now, bothT;" = (p* — Q)Tl/tr(ﬁ& U,) andTs = (p* — Q)Tz/tr(ﬁ& U,)
asymptotically approach mixtures of chi-square distributions, with mean
p*—aq.

When the sampling distribution is elliptical, all the estimators of
are asymptotically independent with the estimatorg oft is known that
both T and T, asymptotically followyp-_, with a complete sample from
an elliptical distribution, but we are unable to generalize this property to
the missing data case. Notice that the mean vecisexplicitly estimated
in the direct ML approach, and it is implicitly estimated through ML as
defined in (4), even when (22) and (23) do not involve mean structures.
Although u is a vector of nuisance parameters, using methods other than
ML to obtain its estimate will result in bias in the parameter estimates of
More detailed discussion of this aspect was given in Allison (1987).

5. IMPLEMENTATION AND NUMERICAL COMPARISON

We will use a data set from Mardia et al. (1979) to illustrate the steps in
implementing the various procedures developed in this paper and to com-
pare the effect of different missing data mechanisms and distribution con-
ditions on these procedures. Mardiaetal. (1979, table 1.2.1) give test scores
of n= 88 students on five subjects. The five subjects are (1) Mechanics, (2)
Vectors, (3) Algebra, (4) Analysis, and (5) Statistics. The first two subjects
were tested with closed book exams and the last three were tested with
open book exams. The original design of this data set is to study if different
examination methods measure different abilities of the students. This hy-
pothesis was confirmed by Tanaka et al. (1991) with a two-factor model

X=pu+Af +¢ and 3(0) = AON + ¥, (24)
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where

</\11 Asi 0 0 o)’
0 0 Az Az A/’

® is a correlation matrix for identification purposes a#ds a diagonal
matrix. Since the interest is in the factor structure (24)s a nuisance
parameter. So there atg= 11 covariance parameters with= (A1,
A21, A32, A4z, Asz, b2, 11, Y22, Y3, Pas, ss). Sincep™ = 15, the model de-
grees of freedom are 4. From this complete data set, we created the fol-
lowing missing data samples: (1) The last variable is removed 33 percent,
realized by deleting the last variable of the first case in every three cases.
So the missing data mechanism in this sample can be regarded as MCAR.
(1) To create nonresponses that are missing only at random, we remove
the last two variables if the summation of the first three scores is less than
113, which results in 17 (about 20 percent) cases with missing variables.
The sample in (I1) is a simulation of the situation in which a student may
quit the later ones if he or she did not perform well on the first three tests.
The advantage here is that we have the parameter estimates for the com-
plete data, which will facilitate the comparison on biases and test statistics
of different methods. For all the missing data sets in this section, we use
divisorn — 1 instead oh when computing the covariance estimates in the
M-step of the EM-algorithm, as recommended by Beale and Little (1975).
Considering that none of the current version of the standard soft-
ware contains the procedures developed herewould like to outline the
necessary steps forimplementing these procedures. This will be given next
before numerical comparison on these procedures with several missing
data sets.

5.1. Implementation

For any of the procedures, the MLE;, of 3 is needed, whileX,, is also
needed if a mean structure is also of interest. They can be obtained by
setting the structured model as the saturated model in a program with the
direct ML missing data procedure (e.g., LINCS, Mplus, Mx, or AMOS), or
one can use the EM-algorithm based on normal assumptions (e.g., Little

1we would like to note that EQS 6 (Bentler, in press) will have the new missing
data procedures in its future versions.
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and Rubin 1987, sec. 8.2). A consistén; based on (5b) also has to be
computed. For the two-stage approach,$handX, can be used as input
data in any of the standard programs to get parameter estifhatetl; =

nFu. (). For example, for the missing data sample (1) the factor loadings
in 6 are given later in Table 2(a) affd = 2.69. Standard errors based on
the sandwich-type covariance matrix should be evaluated according to
(6b). If the rescaled statistic is used for inferengebased on (17) should

be evaluated, which, together Wiﬂb, will lead to the statistidy" in (18).

For exampleT;* = 2.04 for the missing data sample (1). If the asymptotic
chi-square statisti€, is wanted, one does not need to compitgnstead,
B(6) should be evaluated arig be obtained according to (21). For the
missing data sample (1T, = 1.74.

For the direct ML method andT, are available through standard
software (e.g., AMOS, LINCS, Mplus, or Mx). The sandwich-type covari-
ance matrix of) can be obtained by (9). If the rescaled statistic in (19) is
sought, one has to compuig, which together witt); will facilitate the
computation ofT;". As in the two-stage ML method, one has to compute
B(0) instead ofV, if the asymptotic chi-square statisfig is wanted. For
the missing data sample (Il = 1.96, T," = 1.92, andTs = 1.72, and the
corresponding factor loadings éhare given in Table 2(a).

The minimum chi-square approach is the easiest one to implement
with a programing language such as SAS IML. Witand();, § is just the
generalized least squares estimate with objective function (7). For the miss-
ing data sample (1)T; = 1.72 and the factor loadings corresponding/to
are given later in Table 2(a).

5.2. Comparison

Previous analysis for the complete data set by Tanaka et al. (1991) indi-
cates that model (24) fits the data very well by either the likelihood
method or the minimum chi-square method. Actually, this data set basi-
cally follows a multivariate normal distribution with standardized multi-
variate skewness and kurtosis (Mardia et al. 1979, p. 148) being 3.24
and .057 respectively. Referring these two numbers to distributigas
andN(0,1) respectively, both are far from significant. So we would ex-
pect that normal theory methods also work well on missing data samples
(1) and (I). Each missing data method was used on each of the two
missing data samples. Test statistics corresponding to different methods
are given in the upper panel of Table 1. For comparison purpose, the test
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TABLE 1
Various Test Statistics with Normal and Nonnormal Data
Under Different Missing Mechanisms

Samples Ty T T T Ts Ta Ts
Complete Data 2.07 2.07 2.13 2.13 2.01 1.98 1.98
Q) 2.69 1.96 2.04 1.92 1.72 1.74 1.72
(1 1.10 81 12 11 .85 .85 .85
Complete Data 42.23 42.23 7.80 7.80 4.14 4.11 4.11
(nn 40.68 35.66 5.64 6.42 3.79 3.82 3.97
(V) 50.34 37.71 7.34 7.04 2.88 3.04 3.18

statistics for complete data are also included. None of the statistics is
statistically significant when referred gz, indicating that the proposed
model structure cannot be rejected. This suggests that all the statistics
give reliable inference when data are approximately normal and the mech-
anism of nonresponse is ignorable.

In order to further compare the different test statistics, two partially
artificial data sets were created. lieti = 1,- - -, n be a sample from the
populationr = (x5 — 3)/v6, and

Yi = ri (X — E(X)). (25)

AsE(r?) =1, andr; is independent witbx;, the covariance structure %f
is

cov(Y) = E(YY') — E(Y)E(Y') = E(r>)E[(X; — E(X))(X; — E(X))']
= cov(X)

which is the same as that of the original sam@leApplying the transfor-
mation (25) to each of the missing data samples (1) and (I1) respectively,
we obtain two more missing data samples (l11) and (P\Notice that the
nonresponses in sample (lll) are still completely at random; and the non-
responses in (1V) are still at random. However, since some af iudl be

2To permit anyone to further study samples (I11) and (1V) in this example, we
would like to note that the sampling frog was created by X rangam(seed, 1.5) in
SAS IML with initial seed= 1234567, where the first 50 random variables were dis-
carded in order to minimize the effects of the arbitrariness of the initial seed.
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negative, the nonresponses in sample (1V) will not represent the scores
whose first three variables are the lowest. Also, siE¢e*) = 7, we can

not expect that the samp¥gin either (lIl) or (IV) is normally distributed

any more. Actually, the standardized Mardia’s multivariate kurtosis for the
transformed complete sample is 29.60, which is highly significant when
referred tdN(0,1). So, theoretically, the normal assumption based methods
cannot give reliable inference. Each of the methods was applied to samples
(1) and (V). Results are presented in the lower panel of Table 1. When
referring toy3, bothT, andT, are significant in either sample (l11) or (IV),
indicating incorrect rejection of a reasonable model. However, as ex-
pected, all the other statistics behave very stably and none is significant,
yielding the correct conclusion that the proposed model is acceptable. Ac-
tually, all the statistics for the two missing data samples behave similarly
to their counterparts for the complete data.

Even though we do not know the true population parameters in this
example, we know the estimates for the complete sample and also the
missing data mechanism for each missing data set. The difference between
estimates based on the complete sample and the corresponding population
value is because of sampling error. The differences between parameter
estimates based on the complete sample and those based on missing data
samples are because of loss of efficiency and possible bias due to missing
data. Comparing the parameter estimates by different missing data meth-
ods with those by complete data will give us valuable information on pos-
sible biases. For this, we list only the factor loading estimates in Table 2 to
save space, whet? andd? are respectively the MLE and minimum chi-
square estimates based on the complete data. Notice that when applying
the two-stage and the direct ML methods to the complete data we have
6° = § = 6, which are generally different from' = 6, because they are
obtained from fitting different objective functions. Based on distributions
and missing data mechanisms of samples (I) to (IV), we know that theo-
retically there are no biases for estimates in Table 2 (a) and estimates for
sample (lll) in Table 2 (b). Discrepancies among different estimates are
due to sampling errors or finite sample effects. For easy comparison, the
largest discrepandy * between parameter estimates for each missing data
sample and those for the complete sample are given; an asterisk is used to
indicate the specific parameter estimate. Contrastindgthefor sample
(1) with those for sample (1) in Table 2 (a), we may notice a little bit larger
D* for MAR data than those for MCAR data due to a finite sample effect.
This phenomenon will also be observed in the next section. Comparing the
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TABLE 2
Estimates of Parameters by Different Methods

(a) Normal Data

Complete Data ) )

0 0° 61 d 0 6 ] 0 6

Ay, 1218 1253 1215 1221 1243 1225 1226 1231
A,y 1032 1025 1047 1042  10.34 10.39 10.37  10.32
A3 978 971 9.69 9.80 9.74 10.14 10.13  10.01
Agp  11.42  11.47 1164 1148  11.40 *13.22 *13.42 *13.88
Asp 1245 12,64 *11.79 *11.60 *11.38 13.50 13.49  13.90

D* —.66 -85 —1.26 1.80 2.00 2.14
(b) Nonnormal Data
Complete Data (nn (V)
0 0° ot 0 0 0 g 0 é

A 1228  13.55 12.58 12.91 13.50 12.79 12.98 14.42
Az 10.78 9.61 10.64 10.37 10.00 10.47 10.32 9.30
A3z 9.15 8.35 9.52 10.08 8.54 9.90 10.15 9.18
Az 1451 1215 14.61 14.36 12.12 *16.55 *18.09 *13.52
Asp 1241 12.78 *10.10 *8.74 *10.76 12.53 11.49 13.18

D* —-2.13 -—-3.67 -2.02 2.04 3.58 1.37

Note: #° = § = 4 is the MLE based on the complete dagd; = 6 is the minimum
chi-square estimate based on the complete dxtas the largest discrepancy between parameter
estimates for each missing data sample and those for the complete sample.

D* for sample (1V) with those for sample (lIl), one cannot observe greater
discrepancies for MAR data than those for MCAR data. From the above
comparison we conclude that there is no noticeable bias in MLE based on
the wrongly specified distribution for the missing data sample (IV) whose
missing data mechanism is MAR.

6. BIAS IN NORMAL THEORY MLE
FOR NONNORMAL DATA

Through Monte Carlo, we will continue to study the bias associated with
mean and covariance parameters in normal theory-based likelihood esti-
mates when data are not normal. For simplicity and without loss of gen-
erality, we choos@ =2, u1 = u>,=0,011 =02 =1, ando, =021 =p
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with p = .5 and .9, respectively. Let; be always observed with sample
sizeN. Only N, cases are observed fgg according to a missing data
mechanism. The biases in parameter estimatgsaofds, can be obtained
by comparing the estimates with the population values. Based on Ander-
son (1957), there exist analytical solutions for the parameter estimates if a
normal distribution assumption is assumed, thus no iteration is necessary
for this simple design. Notice that if there is no bias in the parameter es-
timatesB defined in (4), then there will be no bias in parameter estimates
of 6. So all possible biases should be reflectegiwithout loss of gen-
erality, our interest is in the possible bias@nDue to a saturated model,
parameter estimates for the three estimation methods are identical.

Let e; ande, be independent standardized random variables, the
joint distribution of(x4, X») is generated through

X1 = €, Xy = \jl—pzez-i-pel.

For different distribution conditions, we choosgasN(0,1) ande; =

(x2 — 5)/N10 respectively for symmetric and skewed distributions. Since
estimates ojt; ando; 1 are based on complete samples, we would like to
create more distributional conditions fos to study the possible biases in
estimates oft», 05, andp. For each of the,, e, is generated respectively
from five distributions:

N(0,1);

the standardizetidistributionts/\5/3;

the standardized uniform distributiq (0,1) — 1/2)/N1/12;

the standardized chi-square distributiopg — 3)/6;

and the standardized lognormal distributioaxp(z) — exp(1/2))/
ve(e— 1), wherez~ N(0,1).

This design creates a variety of skewnesses and kurtoses in the vagiable
as given in Table 3. A very severe departure from normality occurs in the
case where, follows N(0,1) ande, follows lognormal(0,1); the skewness
and kurtosis ok, are respectively H2 and 62.40 withp = .5. Similarly,
whene; is y2 with lognormale,, skewness and kurtosis are equally large.
All three missing data mechanisms—MCAR, MAR and NMAR—
are included. For comparison purposes, we also include a complete sample
for each of the distribution conditions. Since we are interested in possible
large sample biases of the MLEs with an incorrect distributional assump-
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TABLE 3
Skewness and Kurtosis &$
p=.5 p=.9

Datae; & & Skewness Kurtosis Skewness Kurtosis
N(0,1) & N(0,1) 0.00 0.00 0.00 0.00
N(0,1) & t5 0.00 3.37 0.00 0.22
N(0,1) & U(0,1) 0.00 -0.67 0.00 —0.04
N(0,1) & x3 1.06 2.25 0.14 0.14
N(0,1) & LN(0,1) 4.02 62.40 0.51 4.00
X2&N(0,1) 0.16 0.15 0.92 1.57
Y& ts 0.16 3.52 0.92 1.79
x2&U(0,1) 0.16 -0.52 0.92 1.53
X2& x3 1.22 2.40 1.06 1.72
X2&LN(0,1) 4.18 62.55 1.43 5.58

tion, we chooséN = 1000 for the complete data case axd- 1000 and
2000 for each of the missing data cases. The MCAR mechanism is created
by removingx, in every even numbered case. When- N(0,1) the MAR
mechanism is realized by removing the correspongywhenx; < 0; and

for x, following the standardizegZ, the MAR mechanism is realized by
removingx, whenx, is greater than its population median. So for both
MCAR and MAR, the missing percentage is about 50 percent. The NMAR
mechanism depends on the actual observation @fhose median is not
straightforward to obtain. This mechanism was created by remowiifg

it is less than 0 wher; ~ N(0O,1) or if it is greater than the median &f
whenx, follows the standardizegt2. For each distribution condition, the
average number of observationsxynfor each of the NMAR samples is
reported in Tables 4 and 5.

For each of the designed conditions, 500 replications are used. Since
estimates of., ando 4 are just the sample mean and sample variance of
X1, which is completely observed, the asymptotic bias can only be ob-
served on estimates 6f= (u,, 022, p)". Let#') be the estimate of in
theith replication and® = 37°9 /500, then typical bias is calculated
asf — 6. Since our interest is in contrasting the biases of MLEs from
a misspecified distribution for MAR data with MLEs that are known to
have zero systematic bias, the biases in Tables 4 and 5 are calculated

according to
Bias = (0_ - 00)’(0_ - 00) (26)



TABLE 4
Variance and Bias4 = .5)

/8T

(a) (N =1000
Complete MCAR MAR NMAR
Datae; & e, Var x10° Bias x10° Var x10° Bias x10° Var x10° Bias x10° Ny Var X10° Bias x10°
N(0,1) & N(0,1) 4.22 1.59 7.34 1.55 17.28 26.16 500 2.36 9.84
N(0,1) &ts 6.87 4.01 12.35 2.83 21.67 15.41 500 5.77 8.67
N(0,1) & U(0,1) 3.73 3.86 6.51 8.21 16.32 42.85 500 1.69 11.01
N(0,1) & x3 6.36 5.79 12.17 1.72 19.07 6.42 434 10.49 9.97
N(0,1) & LN(0,1) 83.17 3.76 88.86 101.40 218.79 85.97 414 420.73 9.55
x3&N(0,1) 4.78 1.57 7.71 21.07 41.29 75.51 427 2.83 13.01
X3&ts 7.78 2.58 13.68 76.15 46.11 52.00 421 10.76 12.15
x2&U(0,1) 4.54 10.41 7.36 11.77 40.62 82.61 435 1.66 13.49
X3& X3 7.18 38.22 12.12 56.38 42.45 110.89 492 1.20 11.09
X3 &LN(0,1) 70.06 6.47 76.99 436.57 241.07 409.17 507 1.20 9.06
(b) (N = 2000
MCAR MAR NMAR

Datae, & e, Var X10° Bias x10° Var x10° Bias xX10° N, Var X10° Bias x10°
N(0,1) & N(0,1) 3.78 15.03 7.49 .90 1000 1.27 9.83
N(0,1) & ts 6.50 9.47 9.68 4.34 1001 2.99 8.65
N(0,1) & U(0,1) 3.22 2.28 7.34 5.32 999 87 10.99
N(0,1) & x2 6.08 4.76 9.14 2.45 868 5.27 9.97
N(0,1) & LN(0,1) 56.92 68.23 87.00 101.23 828 159.10 9.47
X2 &N(0,1) 3.82 9.87 21.99 69.66 854 1.42 13.02
X3&ts 6.85 17.56 23.07 20.76 842 4.84 12.12
x3&U(0,1) 3.70 9.17 22.11 27.34 868 .87 13.49
X2 & x3 6.71 10.31 20.94 71.95 985 .63 11.10
Y2 &LN(0,1) 57.51 484.27 88.32 9.00 1015 .60 9.05

Note: N, = N for complete datalN; = N/2 for MCAR data;N; ~ N/2 for MAR data.
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TABLE 5
Variance and Biasp = .9)

(a) (N = 1000
Complete MCAR MAR NMAR
Datae; & e, Var x10° Bias x10° Var xX10° Bias x10° Var xX10° Bias x10° Ny Var X10° Bias x10°
N(0,1) & N(0,1) 4.70 10.26 5.87 7.91 10.18 8.86 500 5.25 3.10
N(0,1) & ts 4.83 9.16 5.99 7.71 10.38 7.96 500 6.03 2.84
N(0,1) & U(0,1) 4.86 7.64 5.85 5.00 10.46 7.92 500 4.79 3.24
N(0,1) & x3 4.65 9.46 5.72 3.81 8.83 .92 493 6.50 3.67
N(0,1) & LN(0,1) 9.59 21.75 10.63 54.42 21.83 17.36 488 25.04 2.70
Y2 &N(0,1) 7.76 5.78 8.95 13.23 24.61 8.15 473 5.28 7.33
Xe&ts 8.62 2.13 9.80 4.71 24.54 4.56 475 8.30 7.07
x2&U(0,1) 8.83 31.16 10.04 28.29 25.06 90.26 470 4.39 7.70
X2& x3 8.53 63.50 9.62 64.47 23.57 44.04 485 5.47 4.03
x2&LN(0,1) 11.84 13.27 13.31 81.72 37.32 19.04 495 6.32 2.06
(b) (N = 2000
MCAR MAR NMAR

Datae; & e, Var X103 Bias x10° Var X103 Bias x10° N, Var X103 Bias x10°
N(0,1) & N(0,1) 3.10 9.90 4.62 3.63 999 2.61 3.10
N(0,1) &ts 3.21 6.47 4.74 3.09 999 3.00 2.84
N(0,1) & U(0,1) 2.93 2.04 4.75 3.20 999 2.31 3.24
N(0,1) & x2 2.92 53 4.29 3.31 985 3.08 3.71
N(0,1) & LN(0,1) 6.25 22.00 9.55 4.84 976 11.34 2.66
Y2 &N(0,1) 4.53 2.37 13.31 9.21 945 2.61 7.32
Y2 &t 4.01 .53 11.45 .92 950 3.49 7.09
Y2&U(0,1) 478 24.13 12.96 45.28 940 2.09 7.69
X2 & X3 4.98 23.63 11.55 6.39 970 2.84 4.00
Y2 & LN(0,1) 7.94 59.11 17.92 2.94 991 3.21 2.04

Note: N, = N for complete datalN; = N/2 for MCAR data;N; ~ N/2 for MAR data.
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It is obvious that any large discrepancy betwé@emd6, will be reflected

in (26). As sampling variation influences the accuracy of an estimate, we
also calculated the sample variance of the estimates among the 500 repli-
cations according to

1 500
Var= — > (8 — 9) (8" — ). 27
ar 500;( ) ( ) (27)

Table 4 gives the bias and variance corresponding to each condition
for p = .5. Since theoretically there is no asymptotic bias with complete
data and MCAR data, the biases reflected by the second and fourth col-
umns of Table 4 (a) and the second column of Table 4 (b) reflect only a
finite sample effect. Because of a correct distribution assumption, the cor-
responding biases for the conditien& e, beingN(0,1) and the missing
data mechanism being MAR in Table 4 also reflect the finite sample effect.
We may notice that this effect can be quite large even for complete sam-
ples. We will mainly compare biases under MAR and MCAR since both
are based on approximately equal sample sizes. From Table 4 (a) we may
notice that with the normal sample, the bias under MAR is about 17 times
that under MCAR, even though all this is due to a finite sample effect.
Similarly, for the normal sample, the variance under MAR is also several
times that under MCAR. This indicates that estimates based on MAR data
may not be as accurate as estimates based on complete data and MCAR
data even though the distributional assumption is correct. A similar pro-
portion of inaccuracy can be observed when the distributional assumption
is incorrect. For example, fa¥(0,1) & ts andN(0,1) & U(0,1), biases
under MAR are about five times those of MCAR; for conditiofh®,1) &
x3 and yZ2 & N(0,1), the biases under MAR are about four times those
corresponding to MCAR. For nonnormal data, the largest proportion oc-
curs with y2 & U(0,1) where the bias corresponding to MAR is about
seven times that of MCAR. Itis important to note, however, that this is still
smaller than that for the normal data. Actually, for conditidh®,1) &
LN(0,1), 2 & t5, andy2 & LN(0,1), the biases under MAR are smaller
than those under MCAR, even though these distributions are quite differ-
ent from normal.

In the last two columns of Table 4 (a) are the variances and biases
for data that are NMAR. Regardless of the actual observed sample sizes
and the underlying distribution of the data, the bias in the estimates are
about 10 to 10° times of those when data are MCAR or MAR. Even
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though the maximume-likelihood procedure may perform better than an ad

hoc procedure such as listwise deletion (e.g., Schafer 1997, sec. 2.5.2),
with an average of about ten times the standard error, the magnitude of
biases may render inference on parameters meaningless.

Turning to Table 4 (b), except for a particular phenomenon that for

normal data the bias under MAR is much smaller than that under MCAR,
which may be due to a finite sample effect, the comparison of biases cor-
responding to MCAR, MAR, and NMAR is similar to those in Table 4 (a).
The results fop = .9 corresponding to different conditions are given in
Table 5, where similar comparisons can be found as with5 in Table 4.
We may also notice from both Tables 4 and 5 with data being MAR and
MCAR that larger biases generally go with larger variances. This may
indicate that differences between different finite sample estimators may
only reflect different efficiencies and not especially biases.

We may conclude from the above comparison that, if there is any
large sample bias with normal theory MLE for some commonly encoun-
tered nonnormal distributions in practice, the bias is not large enough to
worry about. This is rather fortunate since in practice almost any distribu-
tional assumption with high dimensional data is likely to be incorrect.

7. DISCUSSION

Since not many multivariate distributions are available to describe the non-
normality of practical data, the normal distribution assumption is com-
monly used with the analysis of nonnormal missing data in mean and
covariance structure analysis. Unfortunately, this generally leads to inac-
curate inferences about model structure. We propose several new proce-
dures that do not need any specific distribution assumptions. Statistical
development and numerical examples illustrate the merit of procedures
that are newly developed over those that are based on a normality assump-
tion. By dropping this assumption, one has to assume the missing data
mechanism is MCAR according to Laird (1988) and Rotnitzky and Wypij
(1994). We may need to reemphasize that using a normal distribution and
a MAR missing data mechanism leads to the same parameter estimates as
using an unknown distribution and a MCAR missing data mechanism.
Fortunately, our simulation results and examples do not indicate notice-
able biases for nonnormal data that are MAR. Taking into consideration
the analytical and empirical results, we make the following recommenda-
tions: Use the minimum chi-square method for inference when sample size
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is large; use the direct or the two-stage methods with the rescaled statistics
for model inference and sandwich-type covariance matrices for standard
errors when sample size is medium. The small sample problem is still open
even for complete normal data (e.g., Bentler and Yuan 1999).

When facing a missing data set with nonnormal distributions,
we can consider another possible approach: model the data with a multi-
variatet-distribution, as developed in Little (1988). However, according to
Gourieroux et al. (1984), even when data are MCAR, imputation based on
such a distribution may not yield consistent estimates of the population
covariances unless the data truly follow the multivariatistribution.

The practical aspect of this inconsistency may not be so serious, as was
observed in Lange et al. (1989).

In our development of methods for nonnormal missing data, the
focus has been on extending and correcting maximume-likelihood—based
methods. Of course, ad hoc methods have been used in data analysis for
decades and provide another option in handling incomplete data. These
include mean imputation, listwise deletion, pairwise computations, hot
deck imputation as well as more recently developed methods such as
similar response pattern imputation. In these approaches, a modified data
set or a covariance matrix is created that subsequently can be analyzed
by any existing standard method designed for complete data. An advan-
tage of these approaches is that they are relatively practical to imple-
ment; indeed such methods for dealing with incomplete data can be found
in most well-known statistical program packages. Furthermore, nonnor-
mality can be routinely handled when an imputed data matrix is ana-
lyzed with a distribution-free method. These methods are all appropriate
when the amount of missing data is extremely small. However, there
exist several drawbacks of these nonprincipled methods. For example,
listwise deletion can render a longitudinal study with few cases left, re-
sulting in grossly inefficient estimates (e.g., Brown 1994). When the miss-
ing data mechanism is MAR, existing simulation results indicate that
listwise deletion causes parameter estimates to be biased even for nor-
mal data (Little and Rubin 1987; Schafer 1997). Similarly, a recent study
with a confirmatory factor analysis model by Marsh (1998) indicates
that the pairwise computation method leads to substantially biased test
statistics, depending on the percent of missing data and its interaction
with sample size. On the other hand, the simulation results in the last
section imply that there is no noticeable bias even for MLE based on a
wrongly specified distribution when the missing data are MAR.
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In addition to likelihood-based methods, the multiple imputation
technique developed by Rubin (1987) has showed its potential in handling
incomplete data problems. In this method each missing value in a data set
is replaced by a vector ah simulated values, thus creatimgcomplete
data sets that agree with the original incomplete data set on the observed
values. Then each of thmimputed data sets is analyzed using a standard
complete data routine and the result of the complete data analyses are
combined to make inference. Because multiple imputation can remove the
difficulty of modeling missing data mechanisms and the computational
complications of incomplete data, a variety of multiple imputation tech-
niques have been developed recently (e.g., see Meng 1994; Rubin 1996;
Schafer 1997). Extending these techniques to mean and covariance struc-
ture analysis would be highly valuable. Due to the typical nonnormality of
social science data, however, any such an extension still remains a chal-
lenge. For example, when complete data exhibit heterogeneous marginal
skewness and kurtosis, it is nearly impossible to find a correct model to
generate multiple imputations that conform with the randomness of the
missing values. Suppose one uses a model based on the normal distribu-
tion to generate the imputed values, then the consequences of replacing the
missing values by normal variables on the combined results is not clear
(e.g., Rubin 1996; Schafer 1997). As discussed in the introduction, non-
normality is a problem not just with missing data. Even with a complete
nonnormal data set, rescaled and generalized least squares type of statis-
tics or recently developed bootstrap techniques (e.g., Bollen and Stine
1993; Yung and Bentler 1996) may have to be used in order to obtain
reliable model evaluation.

In spite of our development, additional technical problems for struc-
tural equation modeling with missing data remain to be studied in future
research. For example, the asymptotic efficiency characterized in Sec-
tion 3 may not hold for all finite sample sizes. Also, even though the
statisticsTs, T4, and Ts are asymptotically distribution free, their small
sample behavior may not be well described by a chi-square distribution.
Furthermorefllg may not be of full rank for smaller sample sizes with a
largep. We may have to turn to the statistit§ or T in such a case, though
these are generally not distributed as chi-square even for large sample
sizes. More research is necessary for these small sample inference issues
to be fully addressed. Another problem is related to the missing data mech-
anism. Even though the ML-based procedure has little bias when the
missing data mechanism is ignorable, MAR is still a strong assumption in
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practice. It is necessary to develop procedures for dealing with missing
data that are NMAR for safer inferences with mean and covariance struc-
ture analysis.

Finally, our experience with missing data is limited. The procedures
developed in this paper are subject to more empirical verification and mod-
ification.

APPENDIX

Proof of Lemma 3.1Using a Taylor expansion da(f), we have

( %) 1 92 (4)

F(6) = F(6o) + (6 — 6o),

(A1)

whered, lies betweer, andd. Using an equation from Muirhead (1982,
eg. 15, p. 363),

—loglS st =tr(1 - §,3° 1>+—tr<l—S@ 1>2+0< 31/z>
So

1 1
() = S1r(1 ST 7 + (%~ 'S %y~ 0+ 0y 35

1
(B BO) Hl(B BO) + O ( 3/2> (AZ)
It follows from direct calculations that
JoF(6 . ~
N 3(900) — —2BH, V(B — Bo) + 0y(1), (A3)
92F(6,) N
YT — 2B'H., (A4)

and

V(6 — o) = (B'H1B)"B'H1VN(B — Bo) + 0p(L). (AS)
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By putting (A2) to (A5) into (A1) we obtain
T, = Vn(B — Bo)'{H1 — HiB(B'H.18) B HINN(B — Bo) + 0p(1).
(A6)

Lemma 3.1 follows from (A6).
Proof of Lemma 3.2Using Taylor expansions dri3) andl(6) at
Bo andé, respectively, we obtain

(Bo)

1(B) =1(Bo) + (B—Bo)— 5 (B Bo)'As(B — Bo) + 0(1/n)

(A7)
and

. al(6y) . n . N
1(6) = 1(6p) + S0 (0 — 6) — > (0 — 60)'Ag(0 — 6p) + 0p(1/n),

(A8)

where we have used (5) and (10), respectively. Similarly, using a Taylor
expansion ofl (3)/d = 0 andal ()/36 = 0, we have

VA~ o) = At 5, ) g (19)
i=1 BO
and
) n ol (6,
N(h — 6y) = A 2 3(900) 0p(1). (A10)

Using (12) on the right-hand side of (A10), it follows from (A9) and (A10)
that

nool;
V(0 — 65) = A1 B’ rE a(/i(’)

= AL B ANT(B — Bo) + 0p(D). (A11)

0p(1)



MODELING WITH NONNORMAL MISSING DATA 195

From (A9) to (A11), we also get the following relations

1 29, A
=3 B o (5~ o) + 00 (12)
i=1 BO
1 K ali(6) . .
T2 ag, = BAsVIB — Bo)ton(D)

SinceA, = B8'Az 8,1(Bo) =1(6) andT, = 2(1(B) — 1(8)), it follows from
(A7) to (A12) that

T,=n(B— Bo)' 1Az — ABB(B,ABB)_lB,Aﬁ}(IBA — Bo) + 0p(1)

and the lemma follows by recalling thetb = Ag.

Proof of Lemma 3.3Since the proofs fof, andTs are the same, we
outline only the proof foffs. First notice tha,{? isa(p -+ p*) X gmatrix for
which 8 = 3(8) is a consistent estimate. Lg¢ be a full column rank p +
p*) X (p + p* — g) matrix whose columns are orthogonal to thosgpf
thenBe — B.. It follows from (A11) that

V(B = B(8) = Nn{[ B — Bol — [B(6) — B(6)]}
= Vn{[B - Bol — BB —6)} + 0p(1)
={l = B(B'As B) B AsINN(B — Bo) + 0,(D),

and

n& ()BABL0pB:) 1BLE (6)
VN[ BLUB — Bo)l' (BeQpBe) N[ BL(B — Bo)] + 0p(1)

L 2
? Xp+p*—q

Ts

The lemma follows from the equality
BeBelsbe) e = Q5 — OF*6( 05 H) 4 051
which is from lemma 1 of Khatri (1966).
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