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Dual system measurement of census coverage us-
ing a post-enumeration survey (PES) has been crit-
icized for correlation bias, resulting when responses
to the census and survey are not independent. Use
of a third system (information source) can provide
additional information to assess that independence.

The data for this study come from a population
subgroup of the 1988 Dress Rehearsal Census and
its PES and from rosters from other government
sources. This study focuses on Black male adults.
Preliminary results using a variety of models con-
firm that, as previously suspected, their population
1s underestimated by dual system methods.

Potential problems involving classification and
matching errors are also discussed. The results sug-
gest that triple system modeling has great poten-
tial for more precise estimation of the hard-to-count
population and its census coverage.!

1. Introduction

The Post Enumeration Survey (PES) now under-
way as part of the 1990 census is designed to evalu-
ate the coverage of the census. A sample of census
blocks and sub-block areas consisting of approxi-
mately 150,000 households will be surveyed to de-
termine whether household members were included
in the census. The results of the PES will be used
to estimate census coverage rates for poststrata de-
fined by demographic and geographical variables.

The PES, like the census, will not have perfect
coverage in the areas surveyed. PES estimates of
census coverage rates are based on the assumption
that inclusion of a person in the PES is indepen-
dent of inclusion in the census. This independence
assumption underlies the Dual System Estimator
(DSE) that is used to estimate coverage rates by
poststratum.

One of the major criticisms that has been raised
of coverage rate estimates obtained through the
DSE is that independence does not in fact hold.
If people in the same poststratum have heteroge-
neous probabilities of coverage, then the same peo-
ple might be most likely to be omitted from both
the census and the PES. In this case, estimates

1This paper reports the general results of research under-
taken by Census Bureau staff. The views expressed are at-
tributable to the authors and do not necessarily reflect those
of the Census Bureau.
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based on the independence assumption would be
biased downwards (“correlation bias”). If inclusion
in the census has a direct causal effect on a per-
son’s propensity to be included in the PES (per-
haps because of confusion between the survey and
the census, or because of sensitization to the survey
process), a correlation bias might be generated in
either direction. A general discussion of correlation
bias in the PES appears in Ericksen and Kadane
(1985) and the following discussion, and is summa-
rized in Zaslavsky (1989). Fay, Passel, and Robin-
son (1988) discuss the possibility of lack of inde-
pendence in the 1980 Post Enumeration Program
(PEP). They present evidence from demographic
estimation suggesting that the most undercovered
population group, black male adults, also tended to
be underestimated by the PEP (p. 77).

The Administrative List Supplement (ALS) pro-
gram was part of the research effort around the PES
conducted in St. Louis as part of the 1988 test cen-
sus. In this program, names were collected from
a variety of administrative lists to supplement the
PES. Issues regarding the scope and processing of
the administrative lists are discussed in Section 2.

A dual system estimate incorporating ALS data
into the P-source should become less subject to cor-
relation bias: the ALS should improve the indepen-
dence of the second source because it is collected by
a methodology very different from the census. Also,
the supplemented PES would have better overall
coverage of persons in the PES area. Estimates de-
rived using this approach are presented in Section 3.

Another view of these data is to regard the three
sources (census, PES, and administrative lists) as
three distinct “systems.” (Triple system estimation
has been proposed by Marks, Seltzer, and Krotki
(1974), among others.) The additional source (the
A-source) provides data with which to evaluate the
previously untestable assumption of independence
between the census and the PES, and to develop
models for the interactions between the sources.
The statistics for this analysis are the 2 x 2 x 2
tables for counts of cases included or omitted in
each of the three sources, for each post-stratum. A
number of models applying this approach also are
developed and compared in Section 3.



2. The Triple System Data
2.1. Data Collection

The data are derived from the program of cover-
age measurement for the 1988 Dress Rehearsal for
the Bicentennial Census of the United States. Each
source Is essentially a list of persons, identified by
names, addresses, and characteristics, who lived at
specific sample addresses on specific dates.

The E-source is the census itself, that is, those
enumerated by ordinary census procedures. The
P-source is the Post-Enumeration Survey (PES),
a prime vehicle for census coverage evaluation
(Childers and Hogan, 1989). The A-source was
compiled from pre-census administrative records of
state and federal governmental agencies, encom-
passing Employment Security, driver’s license, In-
ternal Revenue Service, Selective Service, and Vet-
eran’s Administration registrants.

The A-source includes persons in the Administra-
tive List Supplement to the PES as well as persons
not in that supplement. The Administrative List
Supplement (ALS) used the governmental records
to test the potential for such data to improve PES
coverage and reduce dual system estimation bias
(Wolfgang, 1989 and 1990). It was designed to
target black male renters, who are believed to be
among the most undercounted by the census and
the most underestimated by dual system estimates,
due to correlation bias (Fay, Passel and Robinson,
p. 77). Any persons from those lists but not found
in the PES were added to the PES. ALS process-
ing was designed directly to code the supplement
and recompute the estimates with the revised data.
Other A-source persons come from those not in the
supplement because (and only because) they were
already in the PES.

The addresses and persons in sample for these
data are limited in a variety of ways. Sample ad-
dresses are all in St. Louis, Missouri in the seventy
blocks of the PES sample design stratum where
most residents were expected to be black renters.
Administrative list records from addresses outside
those blocks were dropped from processing. Persons
in scope for this study are selected on the basis of
age, race, and sex to fall within four poststrata used
in presenting census coverage measurement results:
black males aged 20-29 in owned homes, black males
aged 30-44 in owned homes, black male renters aged
20-29, and black male renters aged 30-44. For more
detail on both sample design stratification and on
poststratification for a PES, see Diffendal (1988).

When data were too incomplete or inadequate
for coding and eventually classifying persons in all
sources, a field followup interview attempted to get
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clarifications. In particular, residence at a sample
address on the dates for census and PES enumera-
tions needed to be verified in the field for A-source
persons not found in the census or PES. There was
some additional sampling of those followup persons
in order to keep interviewing workloads within pro-
jections. Supplement persons therefore have a fol-
lowup selection weight of either 1 or 4.

The data were further classifiied by address regis-
ter area (ARA), a subdivision of census geography
consisting of contiguous blocks. An ARA may con-
tain no or one or several PES sample blocks. There
is an average of about two sample block clusters in
each ARA that has at least one PES sample block
in the A-source stratum.

Three-way cross-classification of the data for each
of four poststrata are presented in Table 1.

2.2. Classification Issues.

The validity of triple system estimation depends
not only on how well the adopted model fits the
unknown reality but perhaps more dramatically on
how accurately persons are assigned in three ways:
(1) in or out of scope, (2) into poststrata, and (3)
into the cells of the cross-classification of sources.
Those classifications use many pieces of informa-
tion. When that information is missing or in er-
ror, the classifications will sometimes be wrong.
Dual system PES coding and computation proce-
dures for processing incomplete or ambiguous data
have been refined over the past decade to minimize
and balance classification errors. Triple system ef-
forts have benefitted from those developments but
present new issues due to the added interrelation-
ships of sources and, ironically, to the extra infor-
mation of the third source.

For background on these classification errors, re-
fer to Wolter (1986, p. 339), who defines dual sys-
tem model assumptions relating to them. Closure
and spurious events assumptions specify in-scope is-
sues. Matching and (partial) nonresponse assump-
tions deal with cell assignment. He also listed a
poststratification assumption. Among those who
discussed such concerns before Wolter are Marks,
Seltzer, and Krotki (1974, pp. 87-124, 408) who also
considered the role of errors and biases in three-
source data.

Here are a few general classification issues for the
present data:

e The A-source explicitly drops those who move
away before the PES and, given the pre-census
source of the records, misses those who move
in since Census Day. Does exclusion of movers
affect model assumptions in any way?



e There are many selection forces operating on
the A-source. Registration in the administra-
tive lists is not expected to be complete, even
for the target population; some people neither
drive nor register for the draft nor use em-
ployment services nor file tax returns. The A-
source was limited geographically to blocks in
only one stratum of one test site, even though
its data may be generalized to at least two
other strata. While most kinds of E-source
or P-source missing data are imputed (weight-
ing up for whole-household missing data, hot
deck for characteristics used in matching or
poststratum assignment, probability imputa-
tion based on logistic regression for unresolved
E-source in-scope statuses or P-source match
statuses), A-source persons with missing age
or sex or with unresolved address for the time
of the census or PES are declared out of scope.
Note that very few cases in E- or P-sources are
imputed, but perhaps 25% more A-source per-
sons could be imputed. Does such stringent se-
lection of A-source persons foster or hinder in-
dependence; how does it affect error variance?

e Does imputation of A-source tenure or race on
the basis of P-source values for the sake of post-
stratum assignment constitute a violation of in-
dependence?

e Is the probability of resolving or excluding a
case the same across the unknown true condi-
tions? In particular, are persons more likely
unresolved or declared out of scope if in only
one source?

Several examples illustrate more specific quan-
daries encountered in classification for triple sys-
tem matching. These are representative of a mul-
titude of scenarios. Most, except age discrepancies
between sources, seem to occur quite rarely. To-
gether, they could affect a substantial percentage
of data.

e Person A is represented in the P-source with
an unresolved PES match status and a 0.67
imputed probability of match to the census for
dual system estimation purposes. Should the
P-source exclude him on the basis that the A-
source droppped all unresolved match status
cases? Should he be kept, assigning him as a
census match, the result of rounding the match
probability?

e Person B, represented by records in all three
systems that matched with each other even if

670

age did not perfectly agree, has a missing E-
source age, a P-source age of 28, and an A-
source age of 30. Given the poststratum cut-
off between 29 and 30, in which poststratum
should he be assigned?

e Person C, from a racially mixed household, is
coded white in the P-source and black in the
A-source. Is he in scope for the present study?

e Person D, unresolved in followup at the address
listed in the A-source, has been found in the P-
source at a different address in a different (or,
for another case, the same) PES sample block.
Should he be considered in scope? If an A-
source person not in the P-source cannot be
confirmed to live in a different sample area at
the time of the PES, how can such serendipi-
tous finds be balanced?

These examples illustrate that three-way classi-
fication of such data still needs procedural investi-
gation and refinement. It will improve with experi-
ence and informed feedback. This test run provides
an opportunity to raise issues that need evaluation
and prescription. At the same time, its data may be
considered good enough for exploratory modeling,
since they have undergone many months of process-
ing, review, file merges, quality checks, and consis-
tency edits in order to ensure quality and identify
issues. The modeling in the sequel shows the value
of further development of classification procedures.

3. Triple-System Models

A rich collection of models can be built upon the
three-way table for inclusion status with respect to
the three sources. In this section, a number of mod-
els of this type are developed.

Point estimates were calculated for the combined
geographic area, and standard errors were obtained
by jackknifing the ARAs in Stratum 11. (Similar re-
sults were obtained using the bootstrap but are not
displayed.) Each ARA included in this study con-
tains one or more PES sample blocks. Since vari-
ances within the geographically contiguous ARAs
may be smaller than those between ARAs, these
standard errors are perhaps slightly conservative
relative to those that would have been obtained if
the individual sampled blocks had been jackknifed.

Weights, except those for ALS subsampling, were
ignored in this analysis, but would not be expected
to have much effect on the conclusions.

In the following discussion, inclusion in a source is
coded as “1” and omission as “0”. The coordinates
of a cell are given as (e,p,a) so, for example, cell



(0,1,0) refers to persons included in the PES but not
in the census or administrative lists. The observed
count in the (e,p,a) cell is Zepa-

The poststrata are labeled “02,” “R2,” “O3” and

“R3” in the tables for owners/renters x ages 20-29,
30-44.

3.1. Cross-product ratios

Direct evidence is available in the triple-system
tables for various cross-product ratios in 2 x 2
subtables formed by restricting consideration to
cases observed in a selected source. Controlling
for ¢ = 1, the P x A cross-product ratio is given
by z111%100/%1012110. Thus, for the subpopulation
that is enumerated in the census, complete infor-
mation is available to calculate the cross-product
ratio, while for the full population, the P x A data
are necessarily incomplete for persons included in
neither the P- nor the A-source. Similarly, cross-
product ratios may be calculated for £ x A given
that p = 1 and for E x P given that a = 1.

The estimated cross-product ratios are displayed
in Table 2. The evidence of the cross-product ra-
tios in the a = 1 subtables suggests a substantial
lack of independence between the census and the
PES, with ratios ranging from 12 to 32 (indepen-
dence=1).

Because the sampling distribution of the log
cross-product ratio is more nearly normal than the
untransformed ratio, estimates and jackknife stan-
dard errors are presented on the logarithmic scale
in the lower part of Table 2. The standard errors
of these estimates are large, but in every poststra-
tum the estimated log cross-product ratio is at least
three times its standard error. Furthermore, these
estimates may be conservative for the population
as a whole because the A-source captures are likely
to be somewhat more homogeneous than the gen-
eral population and therefore independence would
more nearly hold within the smaller group, i.e. the
cross-product ratio would be somewhat depressed.

The cross-products obtained by fixing e = 1 or
p =1 are closer to 1, suggesting that the adminis-
trative lists are more nearly independent of the sur-
vey sources. This seems intuitively reasonable since
a very different method of data collection might be
expected to yleld a more nearly independent set of
names.

3.2. Models for three-system estimation

With three sources, as with two (the DSE), there
is always one cell (in the contingency table for in-
clusion in the various sources) that represents per-
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sons who are not enumerated in any of the sources.
Unless the evidence suggests that coverage is good
enough to make this cell count negligible, some sort
of model must be used to estimate this part of the
population in the area subjected to coverage evalu-
ation.

A number of different models are compared, each
predicting a count #ggo in the unobserved (0,0,0)
cell. The first and third models predict the mar-
gin &go4+ and &goo is then obtained by subtraction;
the remaining models explicitly predict Zgpo. The
predicted counts &pgp for each model, with jack-
knife standard errors, are shown in Table 3. The
gross census coverage rates, the ratios of the census
count to the total population estimated under each
model, is shown in Table 4.

The following models are considered:

“DSE w/o A-source” — This is the ordi-
nary dual system estimator based only on the E-
and P-sources, ignoring the A-source: Zgoy =
T10+&o1+/®114. Looo i1s obtained by subtracting
Zgo1 from the dual system estimate Zgo4. The neg-
ative estimates Zggp indicate that the DSE estimate
#004 1s less than the actually observed count added
by the ALS, zgo1. This represents a substantial
underestimation of population since marginal A-
source coverage is low and therefore there are prob-
ably additional persons missed by all sources.

“DSE with P4+ALS” — This estimator rep-
resents the ALS as originally implemented, that is
with the ALS combined with the PES to make a sin-
gle second source. The DSE is applied to estimate
directly Zooo z100(zo1+ + Too1)/(z114 + T101).
Population estimates under this model are smaller
than those for any of the following models, although
larger than those for the unsupplemented DSE.

The preceding models are entirely dual system
estimates, differing in the definition of the second
source. The remaining models make use of triple
system data.

“DSE with k” — An E x P cross-product ra-
tio ks 1s estimated from the cells with a = 1, ky =
2001%111/20112101- The DSE is recalculated assum-
ing that same cross-product ratio in the marginal
E x P table, £g04 = kozo14+2104/211+. Thus, the
assumption is that the degree of dependence (as
measured by the cross-product ratio) between the
E- and P-sources is similar in the overall population
to that in the subpopulation captured by the ad-
ministrative lists. This assumption may be conser-
vative for reasons noted in the discussion of cross-
product ratios above.

“Ratio r1” — An estimate of the odds ratio for
coverage by the A-source is obtained based on all
the cells enumerated in the E- or P-source, r; =



(z111+ 2101+ Zo11)/(Z110+ 2100 +To10). This same
odds ratio is applied to @go; to estimate the count
Z000 = Zoo1/7r1. The assumption underlying use of
this estimator is that the probability of coverage in
the A-source of persons omitted from the E- and
P-sources is the same as the average probability of
coverage for those included in at least one of those
sources.

“Ratio ry” — An estimate of the odds ratio for
coverage by the A-source is obtained based on the
cells enumerated in E- or P-source but not both,
r2 = (2101 + zo11)/ (2100 + zo1o). This same odds
ratiois applied to zgo1 to estimate the count Zggo =
£ 001/ ra.

The assumption underlying use of this estimator
is that the probability of coverage in the A-source
of persons omitted from the E- and P-sources is
the same as the average probability of coverage for
those included in either the E-source or the P-source
but not both, but that the persons enumerated in
both the E- and P-sources are not necessarily com-
parable in this respect. In other word, persons cap-
tured by neither source are more like those captured
by one than those captured by both. This assump-
tion may be more plausible than that of “Ratio r;”
in light of the evidence of Table 4, which shows sam-
ple coverage rates for the A-source for each cell of
the E'x P table, ®ep1/@eps. Sample coverage rates
for cases missed by the E- or P-source but not both
are usually lower than those for cases captured in
both surveys.

“Estimate, k3 = 1” -— The assumption of
this estimator is that the 3-way crossproduct ra-
tio in the F x P x A table 1s 1, so Zgos =
1310012010([300113111/(1:110131011‘011. This 1s called the
“multilist” assumption by Ericksen and Kadane
(1985). This assumption yields the largest esti-
mates Zggg of all the models considered here. Stan-
dard errors for this estimator are also large, since
every observed cell count appears in the ratio.

3.3. Comparison of estimates

It is striking that even without consideration of esti-
mates of people who are not captured by any source,
the A-source adds more people than were estimated
by the conventional DSE to be present but unob-
served in the sample blocks. The dual system esti-
mator with the ALS added to the PES as a supple-
ment, as originally envisioned, yields slightly larger
estimates than would be obtained simply by adding
the ALS cases to the persons actually observed.
Perhaps the most striking observation is that ev-
ery triple-system estimator considered yields lower
estimates of the census coverage rate than those
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derived from the DSE. As shown in Table 4, stan-
dard DSE gross coverage estimates by poststratum
range from 0.738 to 0.864, while triple-system E-
source gross coverage estimates range (over various
models) from 0.277 to 0.696.

The “DSE with k2” and “k3 = 1” estimators are
both based on projecting the cross-product ratio
in the a = 1 subtable to the rest of the popula-
tion; since these cross-product ratios are so large,
the estimates are also large although fairly close to
each other. The assumptions underlying these es-
timates attempt to use the cross-product ratio as
an assumedly invariant measure of association be-
tween two sources. Since this invariance has not
been empirically tested, the assumptions may be
questionable.

The two ratio estimators are based on readily in-
terpretable assumptions about coverage rates for
the A-source in different cells of the E x P ta-
ble. They yield estimates that are more modest
than those based on cross-product ratios. The “ry”
estimates are slightly the larger of the two and
are based on slightly more plausible assumptions,
namely that persons missed by both the E- and P-
sources are more like those missed by one source
than like those included in both sources.

While, taken at face value, these estimates ap-
pear to imply a much larger undercoverage than
the PES estimates alone have indicated, they must
be interpreted with great caution. Although every
possible effort was taken in processing, the undupli-
cation and matching procedures used in triple sys-
tem estimation have not be subjected to the same
scrutiny as those used in the DSE. The extremely
low estimated coverage rates from the triple-system
methods must also be considered in light of the fact
that the target population has exceptionally poor
coverage, as shown by the DSE. The results do
suggest, however, that it would be worthwhile to
pursue some form of triple system estimation as a
second-order evaluation of the PES program which
evaluates the census.
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Table 1: Three-source data

Enumeration status for
E, P, and A sources
e=1 e=20

a=1 a=20 a=1 a=
p=Jl 1] o] 1] o] 1] 0] 1]
02 79119113 131119 |59 8
R2 58 | 12 [ 69 | 41 | 11 | 43 | 34
03 91 113 (36 | 62 {10 | 35 |10
R3 72 716913213143 |24
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Table 2: Cross-product ratios « with standard er-
rors, and logarithms with jackknife standard errors.

Poststratum
02 [ R2 1 03 ‘ R3
afore=1 9.92 2.87 | 12.06 4.77
aforp=1 2.56 2.60 2.53 1.93
afora=1 12.91 | 18.89 | 24.50 | 34.02

loga (P x A) || 2.20 | 1.06 | 2.49 | 1.56

S.E. 0.67 § 041 0.70 | 0.94
loga (E x A) 0.94 | 0.96 093 | 0.66
S.E. 0.56 | 0.45 0.72 | 0.67
loga (E x P) 2.56 2.94 | 3.20 3.53
S.E. 0.40 | 0.50 0.72 1.11
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Table 3: Estimates for £ggp under various dual and
triple system models, with jackknife standard er-
rors, and totals of observed cells.

Poststratum

02 I R2 l 03 ‘ R3
DSE w/o ALS || -44.3 | -24.2 | -23.2 -32.8
S.E. 17.2 14.8 10.4 15.1

DSE, P+ALS 24.0 26.0 | 24.4 17.3
S.E. 10.4 8.9 10.0 8.4
DSE with ks 130.5 | 311.8 | 254.4 305.2
S.E. 63.5 1 171.0 | 201.9 431.5
ratio r; 26.2 76.4 33.2 58.4
S.E. 10.5 26.6 10.4 28.8
ratio ro 60.6 | 140.2 | 109.6 120.4
S.E. 26.2 | 53.3 | 54.6 83.0
est, kg =1 246.3 | 381.7 | 421.9 | 378.7
S.E. 182.2 | 240.0 | 488.8 | 565.13

Sum w/o zgoo || 228. | 268. | 257. 260.

Sum w/o ALS || 169. 225. 222. 217.
DSE w/o ALS || 254.2 | 344.4 | 290.2 318.4

Table 4: Estimates of gross E-source (census) cov-
erage rates under various dual and triple system
models, with jackknife standard errors.

Poststratum

02 l R2 | 03 | R3

DSE w/o ALS (| 0.773 | 0.738 | 0.864 | 0.792
S.E. 0.039 | 0.040 | 0.032 | 0.039

DSE, P+ALS 0.563 | 0.612 | 0.718 | 0.649
S.E. 0.061 | 0.058 | 0.041 | 0.065

DSE with k- 0.396 | 0.310 | 0.395 | 0.318
S.E. 0.081 | 0.090 | 0.146 | 0.206

ratio rq 0.559 | 0.523 | 0.696 | 0.565
SE. 0.068 | 0.076 | 0.045 | 0.088

ratio rq 0.492 | 0.441 | 0.551 | 0.473
S.E. 0.069 | 0.075 | 0.085 | 0.126

est, kg =1 0.299 | 0.277 | 0.298 | 0.282
S.E. 0.118 | 0.097 | 0.178 | 0.213




