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1. Introduction. 

National panel surveys of household economics 
have been mounted in many countries in recent years. 
The U.S. Panel Study of Income Dynamics (PSID) 
began in 1968 and has been collecting data on an annual 
basis since that time (see Hill, 1992). Household panel 
surveys similar to PSID are in progress or are being 
planned in most European countries. The U.S. Bureau 
of the Census started to conduct the Survey of Income 
and Program Participation (SIPP) in 1983 (Jabine et al. ,  
1990) and Statistics Canada introduced the Survey of 
Labour and Income Dynamics (SLID) in 1994 (Lavall~e 
et al. ,  1993). 

A common feature to most of these surveys is that 
they start with a national sample of households, and 
then follow all the members of those households for the 
life of the panel. Over the course of time, some 
members of original sampled households leave those 
households to set up on their own or to join other 
households. In order to be able to describe the econo- 
mic circumstances of sample members at different 
points of time, household panel surveys usually collect 
data not only for the sample members but also for the 
individuals living with sample members at the particular 
point of time. These individuals are termed associated 
persons in this paper. 

As the panel duration increases, the proportion of 
associated persons in the sample at a wave rises. For 
example, in the SIPP, after a year associated persons 
comprised about 8.6 percent, and after two years they 
comprised about 12.6 percent, of the sample. With a 
long-term panel, the proportion of associated persons 
becomes substantial after several years. 

The purpose of this paper is to consider how 
weights can be developed for the data collected from 
both original and associated sample persons to be used 
in producing unbiased (or approximately unbiased) 
estimates of cross-sectional population parameters. The 
estimates may relate to households or to individuals at 
a particular point of time during the course of the 
panel. 

1The paper reports research undertaken for the U.S. Census 
Bureau. The views expressed are the authors'. They do not 
necessarily reflect the views of the Census Bureau. 

In order to prepare for the discussion of weighting 
schemes, the next section elaborates on the population 
and household changes that can occur over time, and 
the types of individual involved. The following sections 
then discuss weighting schemes that may be used for 
the different forms of analysis. This discussion relies 
heavily on previous work by Ernst (1989), Gailly and 
Lavallre (1993), Huang (1984), Judkins et al. (1984), 
Lavall~e and Hunter (1992), and Little (1989). 

2. Changes in Population and Household 
Composition over Time. 

In analyzing a panel survey, it needs to be 
recognized that survey populations change over time. 
With household panel surveys it is important to 
distinguish between changes in population composition 
and changes in household composition. 

The composition of a survey population changes 
over time because some individuals leave the popula- 
tion, some enter the population, and some may leave 
and join the population more than once. Individuals 
leave the population through death, emigration, or 
entering an institution (for surveys of the noninstitu- 
tional population). They enter the population through 
birth (or reaching the specified minimum age), immi- 
gration, or leaving an institution. 

Households change composition over time for many 
different reasons, including deaths, births, marriages 
and divorces. For example, a household at time 1 may 
contain several individuals who end up in a number of 
different households at time 2. These individuals may 
set up new households on their own, they may join 
individuals who were in one or more households at time 
1, or they may join individuals who were not in the 
population at time 1. One or more of the individuals 
may leave the population during the intervening period. 

Consider a simple sample design in which house- 
holds are selected independently at time 1 with equal 
probability. At time 2, the sample of households 
comprises all the households that contain one or more 
individuals from the households sampled at time 1, and 
the sample of individuals at time 2 comprises all the 
members of the sampled households at time 2. The 
samples of households and individuals at time 2 are 
selected with unequal probabilities. For instance, the 
selection probability of a household at time 2 that 
contains individuals from three households at time 1 is 
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three times greater than that of a household at time 2 
that contains individuals from only one household at 
time 1. Similarly, the individuals in that household 
have three times the probability of selection. Thus 
weighting schemes that compensate for these unequal 
selection probabilities are needed for the analysis of the 
resultant data. 

Changes in population composition occur when 
individuals leave or enter the population. An individual 
sampled at time 1 who leaves the population before 
time 2 reduces the sample size for time 2 but does not 
otherwise affect cross-sectional estimates at time 2. 
However, the situation with regard to entrants is less 
straightforward. The household panel survey enumera- 
tion rule described above incorporates new entrants who 
join households that contain individuals who were 
eligible for the initial sample into the population for 
cross-sectional estimates for later time points. 
However, new entrants who set up their own house- 
holds are not represented in later waves of the panel. 
Equally, households composed of only new entrants are 
not represented in household analyses at later waves. 

The failure of household panel surveys to cover 
households composed of only new entrants presents a 
problem for cross-sectional analyses of later waves of 
the panel. If these households and their members 
constitute a negligible proportion of the population, the 
solution to the problem may be to simply ignore it. 
However, if the proportion is appreciable, as can occur 
in later waves of a long-term panel, alternative solutions 
may be called for. One possibility is to add a sample 
of new entrants (e.g., immigrants) to the panel. This 
solution is, however, often impracticable. Another 
solution is to limit the population of inference to 
persons who were members of the population at the 
start of the panel. New entrants found living with 
sample members are then also excluded from the 
sample. This solution provides a clearcut definition of 
the population of inference. Whether the solution is 
appropriate depends on whether that definition can 
adequately satisfy the survey objectives. 

3. Cross-Sectional Estimates for Households. 

This section considers weighting schemes that may 
be used to produce cross-sectional estimates for 
households for any wave of a household panel survey 
after the first. At the first wave a sample of households 
is selected and all the individuals in the sampled 
households become panel members to be followed 
throughout the life of the panel or until they leave the 
survey population. At a subsequent wave, wave t, the 
household sample comprises all the households in which 
panel members reside. Households that consist of new 

entrants only are not represented in the sample at later 
waves. Such households are ignored here. Complica- 
tions of nonresponse are also ignored. 

Consider the estimation of the total Y for all H 
households in the population at time t: 

H 

Y = ~ Y / .  (3.1) 
i=I 

A general estimator for this total can be expressed as 
H 

Y =  ~ . , w , Y  i 
i=1 

where w i is a random variable that takes the value 
w i = 0 if household H i is not in the sample. The 
expectation of 17 is 

H 

E ( Y )  = 2~, E(wi)Yi" (3.2) 
i=1 

By comparing equations (3.1) and (3.2), it can be seen 
that I2 is unbiased for Y for any weighting scheme for 
which E ( % )  : 1. 

There are many ways to satisfy the condition 
E (wi) - 1. Three will be treated here. First, consider 
a standard inverse selection probability weighting 
scheme. The probability of a household being in the  
sample at time t is the probability of one or more of 
the households at time 1 from which it has drawn 
members being selected for the original sample. The 
probability of household H i being in the sample at time 
t is then 

P(Hi )  = P(hj O h k [3 h e U ...) 
(3.3) 

: ~p j  - E~,pj k + 2~,~,2~,Pjke - . . .  

where P (hi [3 h k kJ he [3 ...) is the selection probability of 
the union of original households hi,  hk,  he, etc., for 
the original sample, pj is the selection probability of hj 
for the original sample, Pjk is the joint selection 
probability of hj and h k for the original sample, etc., 
and where households hy, hk, he, etc., each contain at 
least one member who is currently in household H i . 
The weight for each sampled household is then 
wi = l I P  (H i). With this weighting scheme, 

E ( w  i) = P(Hi)[1/P(Hi)]  + [1-P(Hi)]O = 1, 

satisfying the condition for an unbiased estimator of a 
population total. 

In practice, the computation of P (H i) will generally 
not be as complex as equation (3.3) might suggest 
because the number of original households represented 
in household H i is usually small. With, say, two 
original households involved, P (H i) reduces to 
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P ( H i )  : P ( h  1 k3 h2) : Pl +P2-P12- (3.4) 

A problem with the application of the inverse 
selection probability approach is that pj may be known 
only for households selected for the original sample, 
and not for other households. Also the joint probability 
may not be known. Even when the original sample was 
an equal probability one, so that all the Pi are the same, 
the joint probability may depend on the sample design 
(for instance, whether the two households were in the 
same segment or not). The difficulty of obtaining 
P ( H  i) is a major drawback with the inverse selection 
probability approach. 

An alternative strategy for developing the weights 
for time t is to base them only on the selection 
probabilities of households selected for the original 
sample, thus avoiding the difficulty in obtaining P (H  i) 
noted above. One approach is to identify the set of 
households hj at time 1 that would result in household H i 
being in the sample at time t, and compute the weight 
for household H i as 

W i =  E OlijWi~ ( 3 . 5 )  

J 
/ 

where wij = 1/pj if household hi ,  which has at least 
one member in household H i , was selected for the 

• ° / 

original sample and wij = 0 if not, and where aij are 
any set of constants satisfying ~ i j  = 1. 

With this approach, 

E(wi; ) = p j ( 1 / p j )  + (1-pi)O : 1, 

and hence E ( w i )  : ~ai; : 1. Thus, the use of weights 
• , . j 1 

w i wall yield unbiased estimators of totals for the 
household population for any choice of constants a/j, 
provided that ~,aiy -- 1. As indicated above, the 
principal advantage of this type of scheme is that it 
requires information only on the initial selection 
probabilities of the original households that were 
sampled at time 1, which are known. It does not 
require information on the initial selection probabilities 
of the other original households that have members in 
the current household, which are often not known. 

A natural choice of tzij is to make them equal for 
all the original households that lead to the selection of 
household i at time t. Huang (1984) terms this scheme 
a multiplicity approach. Here this scheme will be 
called an equal  household  weight ing scheme.  With the 
equal household weighting scheme 

w i = E w i ; / C i ,  (3.6) 

where C i is the number of original households 
represented in household H i at time t. 

An alternative version of the above approach is one 
based on original sample persons rather than 
households. In this case, let lii k denote individual k 
from original household h i in household H i . Then 

w,= E E ,, wA 
j k 

I where wii k : 1/pj if individual k in household h i was / 
in the original sample and wii k = 0 if not, and where 
the oli; k are any set of constants satisfying ~ t z i ;  k : 1. 

J J g  J 
Since the probability of an individual being selected for 
the original sample is the same as that of that 
individual's household, 

E(Wi~k) : p j ( 1 / p j )  + (1-pj)O = 1. 

In this case, the natural choice of the constants aiy k 
is to make them equal for all members of the current 
household who were eligible for selection for the 
original sample. This produces what has been termed 
the fair share weighting scheme (Huang, 1984; Ernst, 
1989). This scheme is termed here an equal  person 
weight ing scheme.  With this scheme 

I ~ M / j  / 
Wi = -~ i  Wij 

I ! where wiy = wij k is constant for all individuals in 
household H i emanating from the same sampled 
household at time 1, Mij is the number of individuals 
in household H i coming from household hi, and 
M i : ~ M I j  is the number of individuals in household 
H i who were eligible for the sample at time 1. The 
equal person weighting scheme is applied in the SIPP 
and is proposed for use in the SLID. 

Although developed here in terms of persons rather 
than households, it is readily apparent that the equal 
person weighting scheme could equally have been 
generated in terms of households. As shown above the 
household weight w i = ~otijwi~ satisfies the condition 
E ( w i )  = 1 for any set of constants otij such that 

.1 - -  

~ot i j=  1. The choice aiy = M i j / M i ,  with ~ a i j =  1, 
leads to the equal person weighting scheme. 

It is instructive to compare the inverse selection 
probability weighting scheme with the equal household 
and equal person weighting schemes in a simple case. 
Following Little (1989), consider household H i selected 
at time t with household members coming from two 
original households. Let P l and P2 denote the selection 
probabilities for the original households, and let P12 
denote their joint selection probability. Under the 
inverse selection probability approach, the household 
weight is 

, _ 1 
W i - 

Pl+P2-P12 
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Under the equal person weighting scheme the 
weight for household H i depends on which household 
or households were selected for the original sample. 
With Px and / '2  being the proportions of members of 
household H i who came from households h 1 and h 2 , 
respectively (excluding any new entrants to the popula- 
tion), w~ = P~/px  if only h~ was selected; w~ : P2/P2 

if only h 2 was selected; and w i : (P1/p l )+(P2/p2)  if 
both h 1 and h 2 were selected. The probability of only 
h 1 being selected is (Pl-P12), of only h 2 being selected 
is (P2-P12), and of both households being selected is 
P12. The expecte~ value of the weight conditional on 
household H i being in the sample is thus 

P l +P2-Pl~ 

ioe. 9 

E(w i IH~ in sample) 1 . = = W i • 

Pl+P2-P12  

As this result demonstrates, the weight for household 
H i varies depending on which original households were 
selected, but in expectation the weight is the same as 
that obtained from the inverse selection probability 
approach. 

Results for the expectation of the weight of H i 

under the equal household weighting scheme can be 
readily obtained as a special case of the above deriva- 
tion in which P1 = P2 = ~ .  In expectation, the weight 
is the same as that for the inverse selection probability 
approach. 

Given that the weight w i = ~a i yw i ;  satisfies the 
condition E ( w i )  = 1 for any set of aij such that 
~xij = 1, the question arises as to the optimal choice 
of the aiy. One approach is to choose the aij to 
minimize the variance of I ?. 

The variance of I~ may be expressed as 

v ~  VE(~Is)+EV#Is) (3.7) 

where s denotes the set of households in the sample at 
time t. Now 

E I,) : = E w , ' Y ,  : e . .  

where I?* is the standard inverse selection probability 
estimator. Hence 

vE#l ) : v # , ) .  

The first term in equation (3.7) is thus the variance of 
the standard inverse selection probability estimator, and 
the second term is the additional variance resulting from 
the use of weighting schemes from the class (3.5), 

w z = ~,ctijwi~. T h e  ctij may then be chosen to minimize 
E V ( Y ] s )  . 

Consider the simple case discussed above in which H i 

is composed of members from two original households, 
/ 

and let w i = aiwi/l + (1-ot i )wi2 . Then the optimumvalue 
of a i , i.e., the value that minimizes E V ( ~  ]s), is ( )1 

aoi = l + P2-P12 . 

P l -P12  
(3.8) 

In the special case of an equal probability (epsem) 
_ 1 sample of households initially, with Pl  : P2 , aoi - -~. 

Thus, in the two-household case, the equal household 
weighting scheme minimizes the variance of the house- 
hold weights around the inverse selection probability 
weight when the initial sample is an epsem one. 

The optimal choice of ~Xoi given by (3.8) requires 
knowledge of P l, P2 and P12. If these probabilities 
were known, then the standard inverse selection 
probability weight could be employed and would be 
preferable. In the case of an approximately epsem 
sample, the equal household weighting scheme seems a 
reasonable choice, at least for the two-household case. 

4. Cross-Sectional Estimates for Individuals. 

This section considers weighting schemes that may 
be used to produce cross-sectional estimates for 
individuals for any wave of a household panel survey 
after the first. At a subsequent wave, wave t, the 
survey population has changed: some members of the 
original population will leave and some new entrants 
will join the survey population in the period from wave 
1 to wave t. 

Let there be N individuals in the population at time 
t, with N i individuals in household H i (i = 1, 2, ... H )  

and ~ N  i : N (new entrants living in households 
containing no members of the original population are 
not included here, and are ignored throughout the rest 
of this section). The members of household H i come 
from households h i ,  h k ,  h e ,  etc., at time 1. Let Mij  

denote the number of members of household i at time t 
who were in household hj at the start of the panel. The 
sum M = ~ M i j  is less than the population size at 
time 1 because of leavers from the population in the 
period from time 1 to time t, and M < N because of 
new entrants to the population who are in households 
containing members from the original population. 

Consider now the estimation of a total for the 
population of individuals at time t" 

H Ni  

Y : ~ ~ Y/k, (4.1) 
i=1 k=l  

where Y/k is the value for individual k in household 
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H i . As in the household case discussed in the previous 
section, a general estimator for this total can be 
expressed as 

H Ni 

~" = E E W i k Y i k  (4.2) 
i=1 k=l 

where wik is a random variable that takes the value 
wik - 0 if individual k in household H i is not in the 
sample. The estimator I~ is unbiased for Y provided 
that E (wik )  - 1. 

There are many ways to satisfy the condition 
E (Wik) -- 1. It is instructive to consider three of them. 
First, let Wik = 0 for all individuals not in the original 
sample. In this case, the estimator I ~ discards 
associated persons. Let Pik denote the probability of a 
member of the original population, individual k 
residing in household H i at time t, being selected for 
the initial sample, and let wik - 1/Pik. Then, for such 
an individual 

E (Wik) = Pik (1/Pik ) + (1 - Pik ) 0 : 1. 

With this scheme, all new entrants to the population 
have Wik : 0 with certainty. Thus I2 in (4.2) provides 
an unbiased estimator of the total for the original 
population that is still present at time t, but does not 
include a component for the new entrants. 

Modifications to the above procedure can be made 
to cover certain types of new entrants. For instance, 
births to sampled mothers can be included by assigning 
them the weight of their mothers, or if, as in the SIPP, 
the survey population is taken to be adults aged 16 and 
over, those under 16 at the start of the panel can be 
treated as sampled persons with assigned probabilities, 
and they can be included in the analyses of later waves 
after they have attained the age of 16. Such modifica- 
tions do not, however, handle all types of new entrants. 
Provided that the proportion of other types of new 
entrants is small, this deficiency may not be a serious 
concern. 

The weighting scheme that restricts the analysis to 
original sample persons, plus certain specified new 
entrants, is employed with the PSID. Its limitation is 
that it fails to make direct use of data collected for 
associated persons. Such data may be used to provide 
information on the situation of sample persons, but the 
associated persons are excluded from the sample for the 
analysis. 

In order to include associated persons in cross- 
sectional analyses for time t, they need to be assigned 
positive weights. Noting that the probability of an 
individual being selected for the sample is the same as 
that of his or her household, weighting schemes for 
cross-sectional analyses of individuals at wave t can be 

obtained directly from those for households given in 
Section 3. Here we will develop the general strategy of 
producing weights for cross-sectional analysis at time t 
based only on the selection probabilities of members of 
the original sample, thus avoiding the problems with the 
inverse selection probability approach noted in Section 
3. 

Let Iij k denote individual k from original household 
hj who is now in household H i. Le t  w i denote the 
weight for every member of household H i for cross- 
sectional analyses at time t, and let 

/ 
W i = ~--~ E OlijkWijk 

y k 

/ = 1//py if household hy was in the original where wij k 
sample and wiy k = 0 if not. Then, as before, 
E(wi~k) : 1 for members of the original population. 
New entrants, for whom pj - 0, may be handled by 
setting Olij k = 0 .  T h e n  

Ni Mi 

E ( w i )  = E E O~ijkE(Wiffk) : E E O l i j k  = 1 
y k y k 

provided that ~ a / y  k = 1. Under this condition I? is 
unbiased for Y. 

A natural choice of t~/j k is to set aiy k = 1/M i for all 
members of the original population. This is the equal 
person weighting scheme in which every member of 
household H i at time t (including new entrants) 
receives the weight 

j k 

Another choice of the t~iy k is that used for the equal 
household weighting scheme. Let C i denote the 
number of original households that have members in 
household H i at time t. Then ~ ' % ; k  = 1 can be 

J g  J 
divided equally between households, with each member 
of original household hj being assigned a value of 
aiy * = 1 / C  i Mij  . Then for original household hj 

M,j 
: 1 / C , .  

k 

The derivation of the aijk to mininaize the variance 
of the estimated total Y for the population of indivi- 
duals follows directly from the corresponding derivation 
for the population of households. The estimated total 
for the population of individuals is 

Ni Ni 

i k i k 

since the weights for every individual in sampled 
household H i are the same. This estimated total can be 
expressed as 
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$ 

i 

where Y~ = ~Yik is the household total for H i . Thus 12 
can be expressed as a household total, and the results of 
Section 3 can be applied directly. 

Consider the example from Section 3 in which H i 
is composed of members from only two original house- 
holds, perhaps together with one or more new entrants. 

• / 
Then the person-level weight w. = ~ x . . - w i .  k reduces 

/ / t i q x /  3 
t o  W i = Ot iWi l  + ( 1 - O t i ) W i 2  , w h e r e  Wok = wij a n d  w h e r e  

a i = Eaix k. The optimum value of a i is given by 
equation (3.8). The individual values aij k are not 
needed for computing the w i; only the original house- 
hold totals ~aqk are required. If individual values are 
needed for the aij , ,  they may be simply assigned as 

. 

As in the household case, the optimum weighting 
ao~ requires knowledge of P x, P2 and P~2- If these 
probabilities are known, the standard inverse selection 
probability weight wi* can be computed, and would be 
preferred. In the case of an approximately epsem 
sample, the equal household weighting scheme should 
fare well. 

5. Summary and Concluding Remarks. 

This paper has described weighting schemes that 
enable all households for which, and all individuals for 
whom, data are collected in the later waves of a 
household panel survey to be included in cross-sectional 
analyses of those waves. These weighting schemes can 
accommodate new entrants to the population who move 
in to live with members of the original population, but 
not other new entrants. 

The usual inverse selection probability weighting 
scheme requires information on the household selection 
probabilities of all members of the households sampled 
at a later wave, as well as the joint selection 
probabilities of the original households that contribute 
members to the later wave households. The inverse 
selection probability weighting scheme can often not be 
applied because these probabilities are unknown. To 
deal with this problem, an alternative approach that 
requires information on only the selection probabilities 
of sampled original households is described. 

This alternative approach produces a class of 
weighting schemes including the equal person (fair 
share) scheme used in SIPP and the equal household 
weighting scheme. All the schemes in this class 
produce weights that are in expectation equal to those 
produced by the usual inverse selection probability 
scheme. The variance in the weights around the 
inverse selection probability weights gives rise to an 
increase in the variance of the survey estimates. When 

the original households are selected with approximately 
equal probability, the equal household weighting 
scheme seems a reasonable choice for both household 
and individual level analyses to control this increase in 
variance. 

The class of weighting schemes described has a 
broader range of application than that indicated here. 
It can in fact be usefully applied in any situation where 
an inverse selection probability weighting scheme would 
be appropriate, but where not all the inclusion 
probabilities and joint inclusion probabilities are known. 
Such situations occur frequently when multiple frames 
are used for sample selection. 
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