Journal of Official Statistics
Vol. 3, No. 2, 1987, pp. 155-168
© Statistics Sweden

155

Interviéwer—ReSpondent Bias Resulting
from Adding Supplemental Questions

Gary M. Shapiro’

Abstract: Four cases are presented in which
there were seemingly innocuous questionnaire
changes, i.e., the addition of supplementary
questions. In each case, there was a measurable
impact on the basic results and evidence that
respondent or interviewer bias was affected.
In three cases, questions asked before the

1. Introduction

This paper concerns four cases where supple-
mentary questions have been added to an
existing questionnaire. Although there were
no advanced controlled experiments, there
was a measurable impact on the survey results
and evidence that respondent or interviewer
bias was affected by the supplementary ques-
tions. In three of these cases, the addition of
supplementary questions affected answers to
questions asked earlier in the interview.
. Section 2 discusses the four cases in detail and
offers alternative explanations for the results
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supplementary questions, were affected. The
results and alternative explanations are dis-
cussed in detail, together with some implica-
tions for questionnaire design.

Key words: Questionnaire; conditioning effect;
response bias; probing questions.

such as conditioning effects on respondents
and various changes in interviewer behavior.
Section 3 discusses the implications of the
results for questionnaire design, namely that
for one-time surveys, additional side ques-
tions may be needed to obtain good results,
and that for continuing surveys, more care
must be given to the addition of supplementary
questions to avoid biased time series.

Related previous findings and experiments
are now dicussed. It is well-known that question
wording, ordering, etc. can affect survey
responses. For example Kahn and Cannell
(1957) discuss the effects of patterning and
sequencing of questions. Most of the empirical
work in the area of questionnaire design has
been with “soft” attitudinal questions. Kalton .
et al. (1978) provides a good literature review
as well as results from a new set of experi-
ments on questionnaire design that show the
substantial effects of questionnaire wording
and context. Belson (1981) performed a
detailed study to investigate respondent mis-
understanding of 29 questions about televi-
sion watching; many of these questions were



156

not attitudinal. He found that question word-
ing contributed to substantial misunder-
standings. Only 29 % of respondents inter-
preted a question within permissible limits
across all questions (Belson (1981, p. 350)).
Belson (1966) showed that response distribu-
tions for attitude scaling can be affected by an
interviewer’s reading the categories from
positive to negative or from negative to posi-
tive. For earnings data, Borus (1970) showed
that estimates were affected by whether gen-
eral questions were asked or whether a longer
work history approach was taken. McFarland
(1981) showed that answers to attitude ques-
tions are affected by whether specific ques-
tions precede or follow general questions.
Laurent (1972) found that the length of ques-
tions can also have an affect. Some careful
experimentation by Presser and Schuman
(1975) showed how question wording can
affect attitude responses.

Several authors have considered the effect
of the context and positioning of questions
and it is these issues that are particularly ger-
mane to the results of this paper. Turner and
Krauss (1978) speculated that different esti-
mates of levels in public confidence in national
institutions resulted from whether the rele-
vant questions were placed at the beginning of
the questionnaire or not. Metzner and Mann
(1953) found no evidence of effects from
grouping a set of questions together rather
than interspersing the questions throughout
the questionnaire. Bradburn and Mason
(1964) also found that changing the order of
questionnaire sections did not appear to have an
effect. Sudman and Bradburn (1973), howe-
ver, found that estimates produced from con-
sumer expenditure questions were affected by
placing the questions at the beginning, middle,
or end of the interview. For questions requir-
ing recall of 14 weeks or more, response was
lower when the questions occurred towards
the end of the interview. However, for recall
of less than two weeks, question placement
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had no apparent affect. Herzog and Bachman
(1981) found that the length of a questionnaire
given to students in a classroom did not gener-
ally affect results. There was, however, one
exception; for a longer questionnaire, a rela-
ted set of questions towards the end of a ques-
tionnaire are more likely to be all answered
identically. Noelle-Neumann (1976) found
results similar to those of this paper. “She
(Noelle-Neumann) provides some data indi-
cating that following up a particular response
with another question, e.g., “If yes — In what
way?,” may reduce the number of people who
will say “yes’ or give any opinion at all. Itis not
clear whether this effect is provided by the
respondents’ desire to avoid the follow-up
question (and thus reduce the burden of
answering) or by the interviewer’s cluing
respondents that answering a particular way
will prolong the interview.” (Bradburn
(1978).)

The four cases discussed in this paper are
consistent with the findings of Turner and
Krauss, of Sudman and Bradburn, and partic-
ularly of Noelle-Neumann. The first two sets
of authors found that question placement
affected results. Noelle-Neumann and this
paper address the issue of whether the inclu-
sion or exclusion of questions affected the
answers to other questions. All four cases in
this paper deal with relatively “hard” data
(criminal victimizations, unemployment, not
in the labor force, and acute health condi-
tions). Particularly important is that in three
of the cases the addition of supplementary
questions affected answers to questions asked
earlier in the interview. The effect on the data
from each of the four sets of supplementary
questions is somewhat surprising.

2. The Four Cases

Case A. Effect of an Attitude Supplement on
National Crime Survey (NCS)-Cities
Sample Victimization Data
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In each of the cities in the National Crime
Survey (NCS), a lengthy series of attitude
questions was asked of respondents in a
random half of sample units as a supplement
to the basic crime victimization questions. The
NCS-Cities was conducted by the U.S. Bureau
of the Census for the Law Enforcement
Assistance Administration, the predecessor
organization for the Bureau of Justice Statis-
tics. Information was collected from victims
who were identified by screening a general
population sample in selected large central
cities. Respondents were interviewed about
experiences in the preceding 12 months with
selected crimes of violence and theft, including
events not reported to police as well as reported
crimes. See U.S. Department of Justice
(1976a and 1976b) for further information. For
each respondent, the added attitude questions
were purposely asked before the victimization
questions to prevent influencing or condition-
ing the attitude responses, since the attitude
questionnaire included such topics as neigh-
borhood safety, behavior patterns, and
opinions regarding local police, crime trends,
and news coverage of crime.

The attitude supplement lengthened the
total interview time considerably for the half-
sample chosen for the supplement. In fact,
concern arose that the additional time might
have increased respondent fatigue, which in
turn might have resulted in fewer reports of
victimization. To determine whether this

" hypothesized effect actually occurred, special
tabulations were produced for each of the 13
cities surveyed in 1975, showing personal and
property crime victimization rates separately
for each of the half-samples. Personal crimes
included: completed and attempted assault,
rape, robbery, purse snatching, and pocket
picking. Property crimes included completed
and attempted burglary, larceny (both house-
hold and personal), and auto theft.

The data in Table 1 on the following page
show relative differences in victimization rates

reported in the half-samples containing the
attitude supplement versus those without the
supplement. These data clearly indicate that
the inclusion of the attitude supplement in the
NCS interview had a statistically significant
impact on the victimization rates obtained.
Additionally, the differences are not in the
hypothesized direction of lower reporting of
crime incidents. Rather, in almost every city,
the victimization rate measured for the half-
sample in which the attitude questions were
asked was higher than for the other half-
sample in which they were not asked, both for
property and personal crimes.?

The most plausible explanation for these results
is that asking attitude questions before the
victimization questions had a conditioning
effect, whereby the respondents’ awareness or
memory regarding victimization experience
was stimulated. Motivational factors may also
play a role here. Kahn and Cannell (1957) point
out that a desire to have an influence can be an
impetus for respondent motivation. In this
case, asking attitude questions may heighten
some respondents’ feelings that their answers
may influence government policies and actions.
Increased motivation and desire to be accom-
modating is likely to lead to fuller reporting
of actual victimizations, or to exaggerating or
fabricating victimizations. A third explana-
tion, which combines elements of both of the
above, is that administering the attitude ques-
tions serves to stimulate both memory and
motivation. This results in the reporting of
more real (not fabricated) incidents that
actually happened before the reference
period, i.e., increased telescoping. It is
important to note that if the second or third
explanation is true, the higher victimization

2 A similar comparison was made between two half-
samples for an additional 13 NCS cities surveyed in 1974
with similar results. A more detailed examination of
differences is contained in Cowan, et al. (1978).
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rates may not indicate better data but simply
an undesirable response bias. On the other
hand, the first explanation points to a response
bias in the half-sample not asked the attitude
questions.

Case B. Impact of the Acute Conditions Sup-
plement on the Number of Acute
Conditions Reported in the Health
Interview Survey (HIS)

Special supplementary questions about acute
conditions that were first noticed within the two
weeks prior to the week of interview was includ-
ed in the Health Interview Survey (HIS) in 1973
and 1974. The HIS is conducted by the U.S.
Bureau of Census for the National Center for
Health Statistics. Information is collected on
personal and demographic characteristics,
illnesses, injuries, impairments, chronic and
acute conditions, and other health topics from
weekly samples of households, from which the
data are additive over time. An acute condi-
tion is defined as a condition which has lasted
less than three months and which has involved
either medical attention or restricted activity.
See Kovar and Poe (1985) for further informa-
tion. For the Acute Condition Supplement,
the interviewer was usually required to person-
ally interview the person who had the acute
condition and ask at least 55 additional
questions.

The effect of including the supplemental
questions on acute conditions was dramatic and
is shown in Table 2 on page 159. (U.S. Depart-
ment of Health, Education, and Welfare
(1973-1977).) Incidence and number of acute
conditions were substantially lower for 1973
and 1974 (the two years the supplement was
asked) than for 1971, 1972, and 1975. The
number of acute conditions per 100 persons
declined by 20.3 percent from 1972 to 1973
and increased by 20.7 percent from 1974 to
1975. Other acute conditions lasting less than
three months are reported in the early part of
the main questionnaire. Interestingly, the
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relative number of such conditions did not
change from 1971 through 1975; it remained at
about 120 acute conditions per 100 sample per-

sons per year.
Even though these results were not obtained

under controlled experimental conditions, the
differences are so striking that it seems highly
unlikely that real changes in the nation’s health
account for these changes. The only change in
the questionnaire relating to acute conditions
for 1973 and 1974 was the requirement to com-
plete an additional supplement about condi-
tions that were first noticed during the two-
week reference period. The effect of this change
had been expected to be minimal. Additional
analysis showed that the drop from 1972 to 1973
could not be associated with any particular
segment of the population, and it did not appear
that there was any appreciable reduction in
medical attention or activity restriction that
would account for the lower incidence rates.
The incidence rates of 175.1 and 175.7 per 100
persons per year for 1973 and 1974, respective-
ly, were the lowest reported in the HIS since

its inception in July 1957.
There are several possible explanations for

these results. Noelle-Neumann (1976), who
found similar effects from the addition of a
simple follow-up question, suggested two
possible explanations (mentioned in Section 1
of this paper). There may in fact be two or
more reasons for the acute condition results.
One such reason is that more care was exer-
cised during the two years the supplement was
administered in finding out if an acute condi-
tion actually did start within the two-week
reference period as opposed to starting prior
to the reference period. It is difficult for
respondents to remember exactly when an
acute condition started. Therefore, because of
the additional requirements for completing a
supplement, more extensive probing of
respondents with greater use of memory aids
could have resulted in more precise pinpoint-
ing of the date of onset of the acute condition.
However, as mentioned earlier, other acute
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conditions lasting less than three months did
not increase during this time period. A more
plausible explanation is that in some cases the
interviewer did not want to burden him/
herself, or to burden the respondent with
more questions and therefore classified some
respondents incorrectly.

A second plausible reason for the results is
that the presence of the long supplement caused
interviewers to rush through the questions
to complete the interview more quickly. This
in turn might have made respondents feel
that the interviewers wanted the answers to be
quick rather than well-prepared. If interviewers
had been carefully questioned on their experi-
ences in 1973 or 1974, this might have helped
in determining what the real cause or causes
were. Unfortunately, this was not done, neither
in this case nor in the other cases discussed in
this paper.

Case C. Impact of the Not-in-the-Labor Force
Supplement on Labor Force Data

The Survey of Work History and Job Search
Activities of Persons Not in the Labor Force
was a Current Population Survey (CPS) supple-
ment administered to a portion of the two out-
going rotation groups of the eight rotation
groups in both July and August 1976. The Cur-
rent Population Survey is conducted by the
U.S. Bureau of the Census for the Bureau of
Labor Statistics. The survey is conducted
monthly to provide estimates of employment,
unemployment, and other labor force charac-
teristics. Each CPS sample is divided into eight
different parts called rotation groups. Each
rotation group is a scientifically selected sub-
sample of the complete sample, and each month
one of the rotation groups is introduced into the
survey. The households in a rotation group are
interviewed for four consecutive months,
dropped from the survey for eight months, and
then interviewed again for four more consecu-
tive months. The month-in-sample designation
indicates how many months a rotation group

has been in the survey. One phenomenon
associated with this rotation pattern is “rota-
tion group bias” where the level of estimates
for many characteristics varies depending on
the number of months the household has been
in sample. For example, the unemployment
rate is usually highest for first month-in-
sample households, and then continually
drops off for later interviews, except for some
rebounding in the fourth, fifth, and eighth
months in sample. For further information,
see Hanson (1978).

The supplement was completed immediately
after the basic CPS interview when possible;
otherwise, a self-enumeration questionnaire
was left or mailed for the respondent to return
by mail. Up to 60 additional questions, depen-
ding on the response pattern, had to be
answered. The additional questions took an
average of 20 minutes to complete. The
universe eligible for the supplement consisted
of persons 14 years old and over who were not
in the labor force, but who wanted work.
Since this group can be identified every month
from the basic CPS questionnaire, it was rela-
tively easy to determine that the universe
interviewed for the supplement was about half
of what we had expected it to be. The non-
interview rate on the supplement was high,
about 20 percent, but this cannot explain that
so few sample persons were initially identified
by the interviewers as eligible for the universe.
The examination of two separate sets of data
led us to this conclusion.

First we looked at the number of persons
reported as not in the labor force and inten-
ding to look for work in the next 12 months
and found that it decreased significantly in
July and August 1976 from the June 1976
count (about 27 percent) and from the July
and August 1975 figures (about 25 percent).
See Table 3 (Taylor (1976)). The seasonally
adjusted number of persons who “want a job
now” in 1976 dropped 20.0 percent from the
second to the third quarter and increased 25.3
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Table 5. Eligibility for Not-in-the Labor Force Supplement in the Original Interview

and the Reinterview

Not in labor force (NILF)

Sample count of respondents
eligible for supplement

Eligible respondents as
percentage of NILF

July and August Reinterview
1976
22 942 843
3387 167
14.8 19.8

Source: Internal Bureau of the Census Data.

percent in the fourth quarter; this pattern was
not repeated in 1975 or 1977 (see Table 4)
(U.S. Department of Labor (1978)).

We then looked at data from the CPS Con-
tent Reinterview and Reconciliation Program®.
This indicate that too few persons were iden-
tified in the original interview as eligible for
the supplement. For the original interview in
July and August 14.8 percent of those persons
not in the labor force were eligible for the
supplement. For the reinterview, 19.8 percent
were eligible. (See Table 5.)

Thus, there was overwhelming evidence that
the existence of the supplement reduced the
number of persons reported as not in the labor
force and intending to look for work. The inter-
viewers could have used more probes to deter-
mine whether the respondent truly wanted a
job now or in the next 12 months. Maybe the
interviewer did not wish to ask more burden-
some questions and changed the classification
of the respondent accordingly. Another possi-
bility is that the additional information obtained
in the supplement resulted in interviewers
reclassifying some respondents by “correcting”
original answers, an action they were instructed
not to make.

3 A portion of the sample is re-asked the basic labor
force questions the week after interview week by
senior interviewers for quality control purposes. See
Bailey et al. (1968).

Case D. Impact of the Discouraged Workers
Question on CPS Unemployment
Data

The CPS interviewer asks a series of questions
(known as the discouraged workers questions)
only to those people who have answered in
previous questions that they are neither work-
ing, nor looking for work, and therefore are not
in the labor force. Furthermore, questions are
asked only of people in two rotation groups
out of eight in the CPS. This series was not
asked in the CPS prior to January 1967. From
January 1967 through December 1969, the
series was asked in respondents’ first and fifth
interviews. From January 1970 to the present,
the series has been asked the fourth and eighth
interviews only. Table 6 shows the impact of
the discouraged workers questions on labor
force status estimates for individual months-
in-sample (Bailar (1975)). The rotation group
bias indices in the table were computed for the
i month-in-sample as follows:

Estimate for the i™ month-in-sample
Total estimate for time period / 8

x 100.

Figures in italics in the table are for those
months-in-sample in which the discouraged
workers questions were asked. The effect is
largest for estimates of unemployment. This
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indicates that when the discouraged workers
questions are asked, there is a substantial
increase in the number of unemployed. The
difference between 1968-1969 and 1970-1972
shown in the tables may reflect real differences
over time in rotation group bias as well as the
effect of the discouraged workers questions.

One explanation for these results is that
interviewers appear to learn new information
when asking these probing questions. As a
result, they go back and reclassify people even
though they are explicitly instructed not to do
so. Another explanation is that the household
respondent becomes more accustomed ans-
wering questions about the labor force partici-
pation of subsequent household members
after answering discouraged workers ques-
tions for one household member. Thus the
household respondent answers differently
after having already gone through the disc-
ouraged workers questions. It may also be,
as suggested by Noelle-Neumann (1976),
that interviewers handle the interview differ-
ently when they know that they will be asking
the discouraged workers questions, and that
this affects the classification of people as
unemployed.

3. Implications

The above findings have two main applications.
The first is when a questionnaire is initially
designed for a survey, and the second is when
a basic questionnaire is used in a recurring sur-
vey and supplementary questions are under
consideration. Recall that this paper has dis-
cussed four cases in which the addition of
supplementary questions has affected the
answers to other questions. In the National
Crime Survey, asking attitude questions relat-
ing to crime increased the reported criminal
victimizations reported later on in the inter-
view. In the Health Interview Survey, a set of
supplementary questions for reported acute
conditions decreased the number of acute
conditions reported. In the Current Popula-
tion Survey (CPS), a supplement in which
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questions on work history and job search
activities, asked only of people who want
work but are not in the labor force, resulted in
fewer people being classified as wanting work
but not in the labor force. Also, in the CPS, a
set of questions is sometimes asked to those
persons categorized as discouraged workers.
When these questions are asked, the estimate
of unemployed persons is higher.

When a questionnaire is initially developed
and designed, a designer cannot simply derive
what appears to be a straightforward set of
questions and assume that they will yield
reasonably valid answers. For example, if one
is interested in accurate estimates of the
unemployment rate, it may not suffice to ask a
set of questions about recent activities. It may
be necessary to structure a whole set of
probing questions on side issues, where the
answers to the probes have an impact on the
classification of labor force status. (It may be,
however, that certain probing questions will
produce less accurate estimates.) As a second
example, one may be interested in detailed
information about housing and the attitudes
of persons in certain types of housing, e.g.,
low rent or low value. Ordinarily, one would
then design a questionnaire with a set of
attitudinal questions asked only when a cer-
tain set of answers to the “basic” housing
questions is obtained. One would assume this
to yield good housing data and good attitudinal
data. The HIS and CPS examples in this
paper, however, would indicate that this is not
the way to proceed. (One alternative might be
to ask attitudinal questions of everyone.)

When adding a set of supplementary ques-
tions to a recurring survey, the problem is
to retain a consistent time series so that esti-
mates of change over time are unbiased. If there
is less interest in unbiased estimates of level
than of change, it might be undesirable to add
a set of supplementary questions, even if it is
known that it will improve the accuracy of the
answers to the basic questions. There are
several possible solutions. Additional ques-
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tions could be administered to only a portion
of the sample, small enough not to have an
appreciable effect on the total data, or to some
portion of the sample which may not be used
to produce basic estimates. Or a different
series of questions could be administered during
each enumeration period. The effect would be
to consistently produce positive results, if the
assumption that the interaction produces
better data is valid. If it is thought that inter-
viewers might adjust for inconsistencies cont-
rary to instructions (as suggested by the
discouraged workers series of questions in the
CPS), then contradictory responses should be
allowed for in the wording of the question-
naire. To prevent interviewers from changing
or incorrectly marking the answers to certain
questions on the original questionnaire, and in
doing so influencing the expected universe for
the additional questions and causing bumps in
the data series (as may have happened with
the HIS and CPS Not-in-the-Labor-Force
supplements), control over the distribution of
the supplements must be removed from the
interviewers’ hands. Either all respondents
must be asked supplemental questions so that
there is no reason for interviewers to modify
the answers, or the determination of the
universe for the questions must be made
independently of the interviewer, and possibly
even without the interviewer’s knowledge.

Ultimately, better data is needed (obtained
through imbedded experiments) to give more
precise estimates of the contributions of inter-
viewers and respondents to the outcome of the
data or of the interaction of the questions. This
is especially true since the nature, magnitude,
and direction of such nonsampling error cannot
always be anticipated or predicted. We could
then evaluate the trade-offs between damage
to the basic survey data, the value of the addi-
tional information, the costs of other ways of
collecting the data (e.g., a separate survey),
and the procedures to lessen observed biases
in a more scientific manner.

In conclusion, the findings presented here
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are rather disturbing. One knows that ques-
tions, questionnaire design, and interviewers
can make a difference. However, on the sur-
face, these cases entailed a set of relatively
innocuous questionnaire changes; and yet
when examined closely, quantitatively large
nonsampling errors be came apparent. This
suggests that there are other substantial non-
sampling errors still hidden from view in these
and other surveys, and superficially simple
differences or changes in questionnaires or
interviewing procedures can result in large
biases.
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Classification and Properties of Rotation
Sampling Designs

Ronaldo Iachan' and Byron Jones®

Abstract: For repeated sampling in time, a
general class of rotation sampling designs is
introduced. The construction and classifica-
tion of such designs are followed by a de-
tailed examination of their properties. For
this purpose, an additive model is proposed
that takes into account period and sampling

1. Introduction

In this paper we consider the construction,
classification, and properties of a class of
rotation sampling designs, drawing an anal-
ogy with incomplete block designs. Effici-
ency comparisons are made using a linear
additive model for survey responses.
Rotation sampling designs perform well
when one wishes to minimize sampling and
nonsampling errors. As for sampling errors,
current levels are best estimated (in the sense
of smallest sampling variance) when there is
some overlap between successive samples.
Partially overlapping samples provide a use-
ful compromise between the complete over-
lap (same unit interviewed over and over),
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unit effects and permits efficiency com-
parisons.

Key words: Rotation sampling design; effici-
ency; variance of period changes; construc-
tion algorithm; classification; properties.

required for the most precise estimates of
period-to-period changes, and the drawing of
a new sample (no overlap) needed for the
most precise overall (aggregate) estimates.
See Cochran (1977, pp. 344-347) for related
arguments and some classical developments
for sampling on two or more occasions with
simple random sampling. With more than
two occasions, finding optimal designs be-
comes extremely complicated (even in a
restricted and approximate sense). Patterson
(1950) and Eckler (1955) have developed the
basic theory for this case. Extensions to more
general designs and estimators are given in
Ghangurde and Rao (1969), Jain (1981), and
Wolter (1979). As for non-sampling errors,
the rotation aspect of the design avoids
excessive respondent burden and sample
attrition that lead to increased response
errors and nonresponse errors.

The model-based approach of this paper
permits straightforward efficiency computa-
tions when more than two occasions are con-
sidered. Recommendations as to which
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design to use in what circumstances follow
from this methodology, so that design choices
can be tailored to fit survey priority objec-
tives. ]

In this paper we use some properties of
block designs that are used in comparative
experiments to derive rotation sampling
designs for surveys. A block design is used to
compare a number of “treatments,” e.g.,
different drugs, different fertilizers, etc. The
available experimental units, e.g., human
volunteers, plots of agricultural land, etc.,
are divided up into “blocks” so that the units
within a block are as similar as possible. The
units in different blocks may then differ
greatly. In the analysis of the data obtained
from block experiment, the differences
between the treatments are estimated from
within-block comparisons. In an incomplete
block design the number of units in a block is
smaller than the number of treatments. This
means that the estimates of the treatment
differences must be adjusted for the differ-
ences between the blocks. An instructive
review of the similarities between experi-
mental design and sample survey methodolo-
gies is provided by Fienberg and Tanur (1985).
They draw analogies between the design con-
cepts in the two areas such as randomization/
probability sampling, blocking/stratification
and split-plots/clusters. Then they discuss the
use of balanced incomplete block designs as a
means of achieving a restricted randomiza-
tion in sampling by reducing the “support” of
a sampling plan (Chakrabarti (1963)). The
support is the set of samples with positive
selection probabilities. These authors then
review analogies between the model-based
analyses used in the two areas: while Model I
or fixed effects linear models have seen sev-
eral applications in sampling, Model II or
random effects models are used rarely in the
sampling literature (exceptions include
Hartley and Rao (1978) and Fuller and Harter
(1985)). Our paper is something of a synthesis
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in that linear models inspired by incomplete
block designs are used to guide the search for
optimal sampling designs. We use the frame-
work of what are known as cyclic incomplete
block designs to obtain alternatives to the
symmetric designs used in sample surveys.
Our designs reduce the response burden.

2. Rotation Sampling Designs

Many large-scale surveys are repeated peri-
odically using a rotation sampling design. In
such a design, a total sample is divided into b
rotation groups. A rotation group can consist
of a fixed number of primary sampling units
(PSU’s), segments within PSU’s, or last stage
units. Let rotation group j, where j=1,2, ...,
b, be interviewed in each of the k; periods.
The total number of periods in the design is ¢
and k;<t, for all j. Furthermore, let f be the
constant fraction of the groups interviewed in
one period that are also interviewed in the
next period; the remaining fraction (1-f) of
the groups are replaced. The cyclical nature
of our designs should be noted. In each
period, r groups are interviewed, and this
requires that a particular group returns to the
sample.

The design used in the National Crime Sur-
vey (Fienberg (1980)), for example, has this
type of overlap pattern (slightly modified to
accommodate bounding of interviews).
Other rotation patterns are used in the
Current Population Survey carried out by the
U.S. Bureau of the Census (1978) and in
Statistics Canada’s Labor Force Survey
(Ghangurde (1982)).

A convenient representation of this design
is given by the incidence matrix N, which has
elements n, i=1,2,...,¢;j=1,2, ..., b. The
element n;=1 if group j is interviewed in
period i, and is zero otherwise. The analogy
with the construction of block designs, as
used in comparative experiments, is that
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b = the number of blocks,
the number of treatments,
r = the number of units which receive
each particular treatment,
k; = the number of units in block j, and
n; = the number of units in block j which
receive treatment i.
The class considered here is an important
subclass of the class of cyclic designs (see,
e.g., John et al. (1972)).

-~
I

3. Construction

A rotation design is completely specified

by its incidence matrix N. The basic designs

considered in this paper have an incidence
matrix that is constructed as follows. Given

b, r, and a “shift parameter” s:

1. Set the first r entries of the first row equal
to 1 and the rest to 0. That is, set n;;=1;
j=1,2,...,rand ny=0forj=r+1, ..., b.

2. Construct the second row of N by shifting
all entries in the first row s places to the
right in a cyclical manner. That is, the
(p+s) thelement of row 2 is set equal to the
p th element of row 1, where (p+s) is taken
modulo b, and p=1, 2, ..., b.

3. Rows 3, 4, ... are constructed in exactly
the same way from their directly preceding
TOWS.

4. Eventually row 1 will occur in the (t+1) th
row. This last row is discarded to leave an
incidence matrix with ¢ rows and b columns.
Then we see that the value of k; is the
number of ones in column j;j=1,2, ..., b.

These types of designs were constructed
for b=1,2,...,12. For each value of b, designs

were systematically obtained by varying r

from 1 to b-1, and for each r by varying s

from 1 to r. As an example, Table 1 gives the

incidence matrix for b=8, r=5, and s=2, con-
structed as explained above. This design has
t=4, ky=k;=ks=k,=3, and k,=k,=ks=kg=2.

More realistic examples will be given in the

following sections.

Table 1. Incidence Matrix for b=8, r=5 and
s=2.

1 1 1 1 1 0 0 0
0 0 1 1 1 1 1 0
1 0 0 0 1 1 1 1
1 1 1 0 0 0 1 1

An additional parameter that is useful for
describing a design is the “overlap,” I,
between rows. In Table 1 the overlap is /=3.
It will be noted that f = % As will be seen in
the following, most designs have k;=k, a con-
stant, for all j. Designs for which the inci-
dence matrices are the same (except for a per-
mutation of their columns) are considered
equivalent, since they correspond to a simple
relabelling of the groups.

4. Classification of the Designs

In order to classify the rotation designs, we
introduce a linear model for the character-
istic, Y, that is measured in the survey. For

i=1,2,...,tand j=1,2, ..., b, we assume
where

Y; = the observed value of the character-

istic for group j in period i,

pu = the overall mean,

o, = the effect of period i.

B; = the effect of group j,

and

g; is an independent random residual with
mean zero and variance o°.

It will be noted that the model is written in
terms of the group characteristic rather than
in terms of the characteristics of the individ-
val units within each group, because in
block designs it is unusual to have more than
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one response from each treatment (period)
in a block (group). In sampling where there is
usually more than one unit in each period/
group combination, the above model could
be applied to the mean value of the character-
istic in each group in each period. This
simple model is adequate for our purpose of
obtaining efficient designs for comparing
periods. This point and others are taken up in
Section 7. We assume that the main objective
of a given survey is to obtain information on
contrasts, i.e., comparisons, between the
period effects We are mterested in esti-
2 ¢;  =0. Such

contrasts mclude all perlod to -period chang-
es, but exclude the mean response in each
period. The above formulation is congruous
with Wolter (1979) and also with Gurney and
Daly (1965).

To obtain the classification of our designs
we consider comparisons of neighbouring
periods. The “1st neighbour ” comparisons
are o,—0,, 0,—03, ..., O, —0,, 0,—0,, Where
here and in the following, the comparisons
are taken cyclically. The “2nd neighbour”
comparisons are o—03, Op—0Oy, ..., O—0,
=0, 0—0,. In a similar manner, 3 rd, 4 th,

.., neighbour comparisons can be defined
for a suitable ¢. The estimates @; are taken to
be the usual least squares estimates, adjusted
for group effects.

The (model) variance of these compari-
sons is of interest and we define

mating Zc a;,. wWhere

4.2)

where @, and &, are the estimated effects of

two n th neighbours, n=1, 2, ..., m,and
= (t ) if ¢is odd and
m, = "if tis even. 4.3)

2

Some of these variances may be identical
and we denote the number of distinct ones by
d.
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A useful class of designs has

VIS VS - - SV,

This class is introduced initially, not only for
its practical interest, but for its conceptual
import and its simplicity. The properties of
rotation designs are more clearly understood
for these monotonic designs. Furthermore,
these basic designs are building blocks for
more complex designs, as will be described
later.

These designs give more importance to
comparisons between neighbours that are
closer together. That is, assign the smallest
variance to estimated changes between 1st
neighbours, next smallest to changes
between 2nd neighbours and so on. In partic-
ular, this means that period-to-period, e.g.,
month-to-month, changes will be estimated
precisely, a desirable characteristic in practice.

Let

VISV s SV <Vg = Vg =t =V,
We denote this class of designs by B,*. Note
that there is a dual class B, say, with just the
opposite property, namely,

VISV>> s SV >V = Vg =

C = Vg

The latter class may be of interest, for
example, if m, = 5 ! and mid- -cycle changes are
the main focus of attention. For instance, for
annual cycles (t=12) semestral changes
might need to be estimated precisely. It will
be seen in the next sections, moreover, that
general rotation designs can be constructed
by “mixing” (adjoining/combining) basic
designs in these simple, monotonic, classes.

Balanced designs form the class B;* with
one single value for v,. It is worthwhile to
remark that for a symmetric balanced
incomplete block design, / corresponds to the
usual design parameter A, where A is the
number of times a pair of treatments occur
together in the same block. Designs currently
used in sample surveys can often be consid-
ered replicates of symmetric balanced incom-
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plete block designs and can also be repre-
sented as cyclic designs. The rotation sampling
designs, however, are cyclic designs which
reduce respondent burden. It may be of in-
terest to note that the properties of a cyclic
incomplete block design can be considered in
terms of a corresponding paired comparison
design where each block of size & is thought
of as being divided into } k(k-1) blocks of size
two. We do not pursue this correspondence
here since not all pairwise comparisons are of
interest. (See John (1966) for further details.)

Table 2 lists some of the more efficient
rotation designs of the B,* type, constructed
using the method described earlier. In the
table some designs have a serial number
which is followed by a C. These designs are
complements of their partners with the same
serial number. A complement of a design
with incidence matrix N is a design with inci-
dence matrix N.=J- N, where J is a tXb ma-
trix of ones. Note that d.=d, r.=b-r, and
k.=t—k relate the parameters of a design to
those of its complement.

Table 2. Classification of Rotation Designs: b=3to 12, 2 <r < b-I

(cont).

Serial No. b t r k* [ d**
1 3 3 2 2 1 1*
2 4 4 2 2 1 2*R

_ 3 4 4 3 3 2 1*
4 5 5 2 2 1 2%
4C 5 5 3 3 2 2%
5 5 5 4 4 3 1*
6 6 6 2 2 1 3*
6C 6 6 4 4 3 3*
7 6 6 3 3 2 3*R
8 6 3 4 2 2 1
9 6 6 5 5 4 1*

- 10 6 3 5 2,3) 4 1

11 7 7 2 2 1 3*

11C 7 7 5 5 4 3*

12 7 7 3 3 2 3*

12C 7 7 4 4 3 3*

13 7 7 6 6 5 1*

14 8 8 2 2 1 4*

14C 8 8 6 6 5 4*

15 8 8 3 3 2 4*

15C 8 8 5 5 4 4*

16 8 8 4 4 3 4*R
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Table 2. (Cont.) Classification of Rotation Designs: b=3to 12, 2 <r = b-1

Serial No. b t r k* l a**
17 8 4 4 2 2 2R
18 8 4 5 (2,3) 3 2
19 8 4 6 3 4 1
20 8 8 7 7 6 1*
21 8 4 7 (3.4) 6 1
22 9 9 2 2 1 4*
22C 9 9 7 7 6 4*
23 9 9 3 3 2 4*
23C 9 9 6 6 5 4*
24 9 9 4 4 3 4*
24C 9 9 5 5 4 4*
25 9 3 6 2 3 1
26 9 3 7 2,3) 5 1
27 9 9 8 8 7 1*
28 9 3 8 2,3) 7 1
29 10 10 2 2 1 5*
29C 10 10 8 8 7 5*
30 10 10 3 3 2 5*
30C 10 10 7 7 6 5*
31 10 10 4 4 3 5*
31C 10 10 6 6 5 5*
32 10 5 4 2 2 2
32C 10 5 6 3 4 2
33 10 10 5 5 4 5*R
34 10 5 5 2,3 3 2R
35 10 5 7 3,4 5 2
36 10 5 8 4 6 1
37 10 10 9 9 8 1*
38 10 5 9 4,5) 8 1
39 11 11 2 2 1 5*
39C 11 11 9 9 8 5*
40 11 11 3 3 2 5*
40C 11 11 8 8 7 5*
41 11 11 4 4 3 5*
41C 11 11 7 7 6 5*
42 11 11 5 5 4 5*
42C 11 11 6 6 5 5*
43 11 11 10 10 9 1*
44 12 12 2 2 1 6*
44C 12 12 10 10 9 6*
45 12 12 3 3 2 6*
45C 12 12 9 9 8 6*

(cont).
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Table2. (Cont.)

Serial No. b t r k* / d**
46 12 12 4 4 3 6*
46C 12 12 8 8 7 6*
47 12 6 4 2 2 3
47C 12 6 8 4 6 3
48 12 12 5 5 4 6*
48C 12 12 7 7 6 6*
49 12 6 5 §2,3; 3 3
49C 12 6 7 3,4 5 3
50 12 12 6 6 5 6*R
51 12 6 6 3 4 3R
52 12 4 6 2 3 2R
53 12 4 7 (2,3) 4 2
54 12 4 8 (2.3 5 2
55 12 3 8 2 4 1
56 12 6 9 4,5) 7 3
57 12 4 9 3 6 1
58 12 3 9 (2,3) 6 1
59 12 6 10 5 8 1
60 12 4 10 23,4; 8 1
61 12 3 10 2,3 8 1
62 12 12 11 11 10 1*
63 12 6 11 (5,6) 10 1
64 12 4 11 (3.4) 10 1
65 12 3 11 (2.3 10 1

*  Valuesofkj, j=1,2, ..., b. Either k;=k, all j, or k,=k or k', k'=k+1.

** Value of d in BZ.

Also, in Table 2, some designs have values
of d which are written as d*. These designs
are symmetric and are such that b=t, r=k
and N can be written as a symmetric matrix,
after possibly permuting its columns. Some
designs are reflexive in the sense that taking
their complements does not alter the designs
themselves. These designs are indicated by
an R in Table 2. We further denote by P, the
symmetric balanced design with r=k=¢-1.
(Note that all symmetric designs with a given
b=thave d=m, as in (4.3).)

Designs which have a block size of 1, or are
complements which have r=1, have been
omitted from Table 2. Such designs are not
considered useful for the estimation of con-
trasts, i.e., changes. Moreover, for each of
the designs in Table 2 the variances v, were
obtained and are considered in Section 6.

5. Properties of the Designs

Other rotation designs can be obtained by
adjoining two or more basic rotation designs,
e.g., those listed in Table 2. A design D, is
adjoined to another D, by taking the b,
columns ‘of D; and putting them alongside
the b, columns of D,. Of course, both D, and
D, must have the same value of ¢.

Some of the designs constructed in this way
had an incidence matrix which was obtained
by adjoining a ¢Xt identity matrix I,, to an
incidence matrix which had two or more 1’s
in each column. For example, a design for
b=8,t=4,r=3, k=2or1,j=1,2,..,b,is
obtained by adjoining I, to the incidence
matrix for the second design in Table 2, and
suitably permuting the columns. Designs
with an identity matrix component have been
excluded from Table 2.
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Table 3 gives alist of the designs in Table 2,
which are, in fact, obtained by adjoining
other designs in Table 2. Clearly, other
designs not in Table 2 could be constructed

Table 3. Designs Obtained by Adjoining
Two or Three Other Designs

Serial No. Serial Nos. of
in Table 2 adjoined designs
17 2,2
18 2,3
52 2,22
53 2,23
54 2,33
32 4,4
34 4,4C
32C 4C,4C
35 4C,5
47 6,6
49 6,7
49C 7,6C
47C 6C,6C
56 6C,9
51 7,7
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by adjoining designs that are in Table 2. This
adjoining is, of course, subject to the final
design being a rotation design.

Clearly, a design obtained by adjoining
two balanced (B;") designs is also balanced.
Further, adjoining a B," and a B," design
leads to another B,* design. The effect of
adjoining one or more B, designs to a B,"
design is to make the variances, v; and v,
more similar in size (see Section 6).

A different operation consists of combi-
ning (vertically) designs with a common b, r,
and / to obtain larger rotation designs. In
fact, we note that each design of type P, for
non-prime t=hh,, may be formed by com-
bining its “component” design with t=h, (h,
times), and similarly for t,=h, (h; times).
Many of these components have blocks of
size 1 and are not given in Table 2. Table 4
presents the components of designs P,, for
4=<r<10.

Table 4. Subclass P, of Symmetric Balanced Designs, 4 <t < 10, and their components’

b t r k l d
Py=D{®Dy: 4 4 3 3 2 1
Component: D 4 2 3 1,2) 2 1
Pg=Dy®D,
Components: D) 6 3 5 2,3) 4 1
Dy 6 2 5 1,2) 4 1
Pg=D,@® Dy
Components: Dy 8 4 7 (3.4 6 1
Dg 8 2 7 (1,2) 6
Component: Dg 9 3 8 2,3) 7
P1p=D7®D;
=Dg® Dg® Dg® Dg® Dg: 10 10 9 9 8 1
Components: D 10 5 9 4,5) 8 1
Dyg 10 2 9 (1,2) 8 1

! The operation of combining (vertically) two designs, Dy and D,, say, is denoted by D ® D,.
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Of course, in any real continuing survey ¢is
not fixed and the designs would evolve over
time by adjoining and combining designs. The
effects of adjoining and combining designs,
as described above, would then be of particu-
lar interest. For example, a rotation pattern
similar to that used in the U.S. National
Crime Survey (NCS) can be generated by
successive adjoining and combining opera-

Table 5. NCS Rotation Pattern

177

tions. By combining (6 X 12) matrix C =
(A|B) to (O|A) one derives the (NCS) pat-
tern displayed in Table 5. Note that the (6 x
12) matrix C = (A|B) is of the elementary
type described in Sections 2 and 3. The pat-
tern employed in the U.S. Current Popula-
tion Survey can be generated by more com-
plex mixtures of the elementary rotation
designs considered in Table 2.

Rotation groups (Panels)

A)

(B)

c o c o o R
o oo © = M
-
O O o e =
[ T S S S S U
T S ey

e L =)
[ e = i =)
== OO O
e S == R = R e R )
-0 O O o <
O O o o o o

...lom&wwb—k“

(0) 6x6

6. Variances of Estimated Period Changes

The values of v,, where v,0*=V(6,-4;) are
given in Table 6 for d=1, 2 and 3 only, to save
space, the remaining ones being available
from the authors. The corresponding effi-
ciency factors for each variance are also
given. The efficiency factor E,, say, is de-
fined as
. V(é;— ;) in a saturated design
" V(6;-&;) in the design under consideration

= 2 .
rv,

Here, a saturated design is one in which
every group is interviewed in every period.

)

This definition is the one used in the design of
comparative experiments. The saturated
design of such experiments is the randomized
(complete) block design, with r blocks, each
of size ¢. Costs usually prohibit the use of a
saturated design in a survey. Nevertheless
the saturated design does provide a useful
yardstick for measuring the efficiency of
other designs. It would be possible to com-
pare the average value of v, with %, but this
would conceal the true range of the efficien-
cies in a given design.

For comparison purposes, the total size
n=rXt of the designs are also included in
Table 6.
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Table 6. Values of the Variances (v,) and Efficiencies for Designs withd = 1, 2 and 3

Serial No. b t r n! Variances (v,) Efficiencies(rs—;XIOO%)
1 3 3 2 6  1.3333 75

4 4 2 8  1.5000  2.0000 67 50
3 4 4 3 12 0.7500 89
4 5 5 2 10 1.6000  2.4000 63 42
4C 5 5 3 15 07636 0.8727 87 76
5 5 5 4 20 0.5333 94
6 6 6 2 12 1.6667 2.6667 3.0000 60 37 33
6C 6 6 4 24 0.5359  0.5744 05769 93 87 87
7 6 6 3 18 07833  0.9333  1.0500 85 71 63
8 6 3 4 12 0.6667 75
9 6 6 5 30 0.4167 96
10 6 3 5 15 0.4444 90
1 7 7 2 14 17143  2.8571 3.4286 S8 35 29
11C 7 7 5 35 0.4174 04356 04364 96 92 92
12 7 7 3 21 0.7944  0.9826  1.1498 84 68 S8
12C 7 7 4 28 05396 05881 06336 93 85 79
13 7 7 6 42 0.3429 97
17 8 4 4 16 0.7500  1.0000 67 50
18 8 4 5 20 0.4870  0.5455 82 73
19 8 4 6 24 0.3750 89
20 8 8 7 56 0.2917 98
21 8 4 7 28 0.3000 95
25 9 3 6 18 0.4444 75
26 9 3 7 21 0.3333 86
27 9 9 8 72 0.2540 98
28 9 3 8 24 0.2667 94
2 10 5 4 20 0.8000  1.2000 63 42
2C 10 5 6 30 03818  0.4364 87 76
34 10 5 5 25 0.5053  0.6316 79 63
35 10 5 7 35 03126 0.3297 91 87
36 10 5 8 40  0.2667 94
37 0 10 9 90  0.2250 99
38 10 5 9 45 0.2286 97
43 11 11 10 110 0.2020 99
47 12 6 4 24 0.8333 13333 1.5000 60 37 33
47C 12 6 8 48 02679 02872 02885 93 87 87

(cont.)
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Table 6. (Cont).

SerialNo. b t r n! Variances (v,,) Efficiencies (’%—nx 100%)
49 12 6 5 30 0.5189 0.6838 0.7582 77 58 52

49C 12 6 7 42 0.3159 0.3515 0.3712 90 81 71

51 12 6 6 36 0.3917 0.4667 0.5250 85 71 63

52 12 4 6 24 0.5000 0.6667 67 50

53 12 4 7 28 0.3643 0.4286 78 67

54 12 4 8 32 0.2943 0.3158 85 79

55 12 3 8 24 0.3333 75

56 12 6 9 54 0.2341 0.2412 0.2414 95 92 92

57 12 4 9 36 0.2500 89

58 12 3 9 27 0.2667 83

59 12 6 10 60 0.2083 96

60 12 4 10 40 0.2143 93

61 12 3 10 30 0.2222 90

62 12 12 11 122 0.1833 99

63 12 6 11 66 0.1852 98

64 12 4 11 44 0.1875 97

65 12 3 11 33 0.1905 95

! Total sample size = n = rt.

Adjoining x copies of a design reduces the
value of v, in that design by a factor x, but
does not change E,. For example, the design
with serial number 8 can be constructed by
adjoining two copies of design 1. Adjoining
copies of a design of type B," to a design of
type B;*, reduces the relative differences
between the values of v,. For example, ad-
joining designs 4C and 5 produces design 35.
In design 4 C the ratio of the two variances is
1:1.5 but in design 35 is 1:1.05.

Since taking the complement of a design
gives r.=b-r, without changing b, the com-
plement of a highly efficient design will have
low efficiency. By observing the values of the
efficiencies in Table 6, it is clear that, while
most designs have high efficiency, there are
some with particularly low efficiencies. The
low efficiencies occur, as one might expect,
for designs where the k; values equal 2. In
other words, all groups must be in the sample
more than twice to achieve a reasonable effi-
ciency.

The efficiencies allow a useful design to be
chosen out of a number of competitors. For
example, if £=6 and b=12 then design 49 is
much more efficient than design 47 and only
uses 6 more groups. Of course, design 47C
is even more efficient than design 49 but
requires 18 more groups.

7. Discussion

Some alternatives to the simple model
(4.1) may be considered. First, it may be
more realistic to consider the effects of indi-
vidual groups being random rather than
fixed. This would complicate the theory in
Sections 4-6 but is not likely to substantially
change the overall results.

A second alternative would be to model,
individually, each unit within a group. The
model for the measurement on the g th unit in
the j th group in the i th period would then be
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Y.

iig = WHo+B+yite,

iig> (7.1)
where u, a;, f; are defined as in Secton 4; v;;
is the period-by-group interaction effect; and

€;j, is the usual error term. This type of inte-
raction is manifested in practice via what is
called the rotation group bias (see, e.g,
Bailar (1975)). This bias is related to the
number of times different units have been
interviewed previously. The presence of an
interaction term will contaminate published
period-to- perlod changes, i.e., estimates of
the form Y, Y, , which are of more direct
interest than contrast estimates &; — @;.
Clearly, Y; - Y, differences will involve the
interaction parameters vy;;.
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Another model-based approach employs
time series models to estimate the current
mean response. References for this approach
are Blight and Scott (1973), Scott and Smith
(1974), and Jones (1980).

We have discussed in Section 4 the role of
the monotonic classes B;* and B, in partic-
ular, Table 2 is concerned only with B,*.
We have also examined, however, other
diverse variance patterns that are not repor-
ted here. Of particular interest is an investi-
gation of the duals or “mirror images” in B,
of designs in the class B,". A summary for
t=5, d=2 and the designs in Table 2 is pres-
ented in Table 7.

Table 7. Mirror Images of Designs for t=5 and = d = 2

Serial No. Image b t r k )
4 41 5 5 2 2 0
4C 4CI 5 5 3 3 1

32 321 10 5 4 2 0

32C 32CI 10 5 6 3 2

34 341 10 5 5 (2,3) 1

35 351 10 5 7 (3.4) 4

It is worthwhile to remark that the ap-
proach in Sections 4-6 has completely ignored
the randomization imposed by the design. In
particular, all variances are considered with
respect to the model distribution. Denoting
such variances by V,, and expectations over
the sampling design, p, say, by E,, one may
also consider the criterion E,V,,. In this con-
text, Bellhouse (1984) has derived optimal
treatment assignments for certain subclasses
of treatment contrasts. Other references
where complex sample design effects have
been considered include Nathan and Holt
(1980) and Holt, et al. (1980).
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