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Abstract 

A model for  data rounding is proposed. A set 
of data featur ing both f ine and coarse rounding 
- -  and for  which both true and rounded data 
values are avai lable - -  is presented and ana- 
lyzed. A model for  the dependence of rounding 
coarseness on var iable values is described and 
f i t  to the data. 
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1. In t roduct ion 

Although i t  is common pract ice to model data 
as though they were rea l i za t ions  of real-valued 
random var iab les,  a l l  data are fundamentally 
d iscrete.  Because th is  data round ing- -group ing ,  
as i t  is often cal led - -  is a universal pract ice,  
an understanding of i t s  consequences for  i n fe r -  
ences is essent ia l .  

In survey data, grouping arises in a var ie ty  
of contexts. Sel f - reported variables describing 
ages and durat ions,  for  instance, are par t i cu-  
l a r l y  prone to these kinds of errors.  For ex- 
ample, i f  a group of ex-smokers is asked how 
long ago they las t  smoked, a recent q u i t t e r  
might respond " four  months ago," while a less 
recent q u i t t e r  may say "about f ive  years ago." 
The exact durations in days or months may not be 
known (or knowable), but even i f  they are, the 
values are reported, and recorded, to less pre- 
c is ion than is possible. Furthermore, as in th is  
example, the level of precision can depend in a 
s i gn i f i can t  way on the time durat ion. 

Age is another var iable that  is often coarsely 
grouped. For in fan ts ,  ages are t y p i c a l l y  re- 
ported in weeks or months, while for  s l i g h t l y  
older chi ldren i t  is more common to e i ther  round 
or truncate to the hearest year or ha l f  year. 
For adolescents and adults one t y p i c a l l y  t run-  
cates age to the next lower year; for  the very 
old one may even round to the nearest f i ve  or ten 
years. In both the age and smoking examples, a 
var ie ty  of grouping precisions may coexist  in a 
single sample, and the coarseness can be corre- 
lated with the values of the var iable under 
study. These phenomena, as common as they appear 
to be, have scarcely ever been the subjects of 
s t a t i s t i c a l  modeling and inference. 

Grouping is a source of problems in data an- 
a lys is  because v i r t u a l l y  a l l  methods of analysis 
suppose that  data have been recorded exact ly ;  i f  
grouping v io la tes the model in a s i gn i f i can t  way, 
inferences can be v i t i a t e d .  The case of round- 
ing to a single level of precision has been 
studied in great deta i l  (see the reviews of 
Gjeddebaek 1968 and Haitovsky 1982). The main 
conclusion is that  grouping must be f a i r l y  coarse 
to make any d i f fe rence,  and unless i t  is very 
coarse, the appl icat ion of simple moment correc- 
t ions can often remove most of the bias. More 
complex rounding pat terns,  l i ke  that  for  age 

repor t ing,  have only recent ly  been considered 
(see Heit jan 1985 and Heit jan and Rubin 1986). 

Our purpose in th is  paper is to study more 
ca re fu l l y  the case where grouping coarseness is 
i t s e l f  var iable and depends upon the value of 
the charac te r i s t i c  under study. To th is  end we 
examine a set of data in which both true values 
(col lected prospect ively)  and rounded values 
(col lected re t rospec t ive ly )  are known for  the 
same set of subjects. We analyze these data to 
determine the extent of rounding and i t s  depend- 
ence on the true values. We then f i t  the sta- 
t i s t i c a l  model of Heit jan (1985) to the re t ro -  
spective data alone. We conclude that  the model 
can be a valuable component in the analysis of 
survey data that  are subject to coarse, uneven 
grouping. 

2. How does Coarse Grouping Arise? 

We w i l l  assume that coarsely grouped data on 
se l f - repor ted variables arise in stages. We 
assume that the respondent knows, or can deter- 
mine, the true value to a high degree of pre- 
c is ion.  Each data report ing event then involves 
reca l l ing  the datum, deciding what units are 
re levant ,  rounding to a common level of pre- 
c is ion in those un i ts ,  and report ing i t .  In 
report ing an i n fan t ' s  age, therefore,  months 
or weeks are relevant un i ts ,  since the in fan t ' s  
stage of development changes rap id ly  from week 
to week and month to month. To i den t i f y  two 
infants aged one and f ive  months as "zero years 
old" would be to lump together two very d i f f e r -  
ent creatures. On the other hand, ca l l ing  two 
chi ldren seven years old when the i r  ages are 
rea l l y  seven years one month and seven years 
f ive  months is un l i ke ly  to lead to confusion. 

This descr ipt ion of data rounding is an over- 
s imp l i f i ca t i on  in that  many other potent ia l  
sources of er ror  ex is t .  For example, ind iv iduals  
may make false statements, e i ther  consciously or 
unconsciously, and have trouble remembering the 
dates of events. In demographic surveys in the 
Third World, dates of b i r th  and other events are 
often unavailable because they have nei ther been 
recorded nor remembered. Thus although rounding 
ce r ta in l y  takes place in these studies,  i t  may 
be less important than other kinds of non- 
sampling errors .  (See the data of Caldwell 
1966 and Pison 1979, 1980 and the review volume 
of Ewbank 1981). 

3. An Example: The INCAP Data on Amenorrhea 

The RAND/INCAP Guatemala study (Corona, un- 
dated) gathered data on the reproductive l ives 
and other charac te r i s t i cs  of a sample of 
Guatemalan v i l l age rs .  The study included both 
prospective and ret rospect ive phases, in which 
invest igators  asked s imi la r  sets of questions. 
For a number of women who gave b i r t h  during the 
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study both prospective and retrospect ive lengths 
of post-partum amenorrhea are avai lable.  Since 
the prospective values were col lected at a 
series of interviews during the post-partum 
period, they are held to be more accurate than 
the retrospect ive data. 

From the to ta l  set of dual amenorrhea lengths 
we selected a subset of 150 pregnancies in which 
the respondents appeared to have rounded amenor- 
rhea length to the nearest month, the nearest 
three months or the nearest year. For example, 
i f  prospective amenorrhea length was reported to 
be eight months, the pregnancy was included in 
our subsample i f  retrospect ive amenorrhea was 
eight (nearest month), nine (nearest three 
months) or twelve (nearest year).  For these data 
the rounding mechanism we have described is a 
plausible explanation. 

Figures I and 2 contain histograms of re t ro-  
spective and prospective amenorrhea length, re- 
spect ively.  Rounding is c lear ly  present in the 
retrospect ive data, where peaks appear at twelve 
and twenty-four months and a l l  integral  mult ip les 
of three. The prospective histogram has no such 
peaks and is consistent with what one expects to 
see when the data are not coarsely grouped. 

4. Analysis of the Data 

We analyzed the data to determine what propor- 
t ion of pregnancies at each true (prospective) 
amenorrhea length were i )  rounded to the nearest 
month, i i )  rounded to the nearest three months 
and i i i )  rounded to the nearest year. Although 
the doubly coded sample great ly  f a c i l i t a t e s  th is  
task, there are ambiguities even in th is  sort of 
data. For example, i f  a mother with a true 
amenorrhea length of eleven months has a re t ro -  
spective amenorrhea length of twelve months, she 
is e i ther  a nearest-three-months rounder or a 
nearest-twelve-months rounder. Therefore to com- 
pute p robab i l i t i es  of each kind of rounding at 
each length requires some kind of smoothing or 
adjustments. A detai led descr ipt ion of our 
method fol lows. 

For each prospective amenorrhea length Y in 
the sample ( for  these data Y = I . . . . .  26), we 
computed i )  the proport ion of lengths rounded to 
the nearest month (PEXACT(Y)), i i )  the propor- 
t ion to the nearest three months (PR3(Y)) and 
i i i )  the proport ion rounded to the nearest year 
(PR12(Y)). For lengths not d i v i s i b l e  by three, 
we set PEXACT to be the number of exact rounders 
divided by the to ta l  number at that true length. 
For Y d i v i s i b l e  by three, the average of 
PEXACT(Y-I) and PEXACT(Y+I) was subst i tuted.  

For Y not d i v i s i b l e  by three and not adjacent 
to twelve or twenty-four,  PR3(Y) was taken to be 
the number at that true Y who rounded to the 
nearest three months divided by the number at 
that Y. For the remaining Y values (Y d i v i s i b l e  
by three or Y=II, 13, 23, 25) an average of near- 
by, cor rect ly  estimated PR3 values was used. We 
carr ied out a s imi lar  scheme for  computing ad- 
justed PRI2 estimates. To bound proportions 
away from zero and one, we added 1/2 to the 
numerator and 1 to the denominator in each pro- 
port ion calculated. 

Values of the probi t  of PEXACT, PR3 and PR12 
are plot ted as stars versus Y in Figures 3, 4 

and 5, respect ively.  A lowess smooth (Becker and 
Chambers 1984) is the sol id  l i ne ,  and the upper 
and lower sol id  curves are the middle curve plus 
and minus one standard error .  (The SE bars are 
jagged because the proportions are based on d i f -  
ferent numbers of exact ly observed amenorrhea 
lengths.) From these plots i t  appears that the 
proport ion rounding to the nearest month is 
roughly 50% or above for  low amenorrhea lengths, 
decreasing somewhat as length increases. PR3 
star ts around 50%, drops in the 10-15 range, and 
recovers somewhat thereaf ter .  There is a clear 
trend in PRI2, which increases s teadi ly  across 
the range of Y values. These data therefore 
support, although not wholeheartedly, the des- 
c r ip t ion  of rounding behavior developed in the 
examples previously discussed. 

5. A Model-Based Analysis 

A convenient and parsimonious way to summar- 
ize the kind of rounding behavior we have dis- 
cussed is to re late i t  to a s t a t i s t i c a l  model. 
To th is  end we have used the model proposed in 
Heit jan (1985). Suppose that there are three (or 
in general more or fewer) possible grouping out- 
comes, that may be ordered from least coarse 
(nearest month) to most coarse (nearest year).  
Heitjan has proposed explaining the dependence of 
the p robab i l i t i es  of these rounding categories 
upon the var iate under study by an ordered cate- 
gories probi t  regression, s imi la r  to the model 
described in Ashford (1958). The j o i n t  d i s t r i bu -  
t ion of amenorrhea length and rounding type would 
then be completed by specifying the marginal d is-  
t r i bu t i on  of amenorrhea length. 

More precisely,  we assume that the value of 
an underlying continuous var ia te  Z determines, 
for  each un i t ,  the coarseness of rounding. To 
relate Z to true amenorrhea length (denoted by Y), 
we assume that Z is normal with condit ional mean 
~+BY and conditional variance o .2 . Then a probit 
regression can be constructed by assuming that 

Z > I ÷ gross rounding (nearest year); 
0 < Z < I ÷ moderate rounding (nearest 3 mos.); 

Z < 0 ÷ fine rounding (nearest month). 

This results in the following expressions relating 
the probabil i ty of rounding to amenorrhea lengths" 

Pr [nearest year I ~, B, Y] 
: I - @[ I  - (~  + B Y ) ) / o ] ,  

Pr [nearest 3 mos. ~ ~, %, Y] 
: @ [(1 - (~+BY) o] - [ - (~+BY)/o] ,  

Pr [nearest month I m, BY] 
: @ [ -  ( ~ + B Y ) / o ] ,  

where @ is the standard normal in tegra l .  Any cut- 
points besides 0 and I would work as wel l ,  but 
would resu l t  in corresponding changes in param- 
eter values. 

This model has character is t ics  desirable in a 
descr ipt ion of rounding behavior. I f  the slope 

> O, then the p robab i l i t y  of f ine rounding de- 
creases to zero --  and the p robab i l i t y  of coarse 
rounding increases to uni ty - -  as the true 
amenorrhea length increases. This is consistent 
with the behavior observed in r e a l i t y .  The prob- 
a b i l i t y  of moderate rounding f i r s t  increases and 
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then decreases, with the size of the maximum 
probab i l i t y  depending upon a. Any number of 
intermediate rounding types could be incorporated 
into such a model by introducing addit ional cut- 
points and, perhaps, introducing a dependence of 
a on Y. 

The analysis in section 4 is a rough attempt 
to f i t  the probit  model using nearly complete 
data on Y and Z. Since doubly-coded data are 
rarely avai lable in pract ice, however, Heitjan 
(1985) has developed and described a maximum 
l ikel ihood procedure for f i t t i n g  the model using 
only retrospective data (henceforth Y~). Suppose 
that the marginal density of Y is fy(~le)  and the 
condit ional of Z given Y is fz ly(Zly,e) . ,  Then i f  

X(Y R) is the set of possible (y,z) values leading 

to retrospective amenorrhea YR' the contr ibut ion 

to the l ike l ihood corresponding to YR is 

k(0) = Pr(YRIe ) = I f y ( y l 0 ) f z i y ( Z l y , 0 )  dzdy. 
S(Y R) 

In other words the l ike l ihood is a product of 
terms, each consisting of the integral of the 
j o i n t  density fYfZIY over the set of values of Z 
and Y leading to the observed retrospective 
datum YR" 

The fol lowing examples should c l a r i f y  these 
somewhat abstract arguments. Suppose that 
YR = I0 months. Then prospective amenorrhea is 
presumably 10 as wel l ,  up to rounding error.  
Thus this amenorrhea is rounded to the nearest 
month, i . e . ,  Y~(9.5, 10.5) and Z < O, and so 

X(Y R = 10)=(9.5, 10.5) x (- ~,0] .  

I f  YR = 9 months, a mul t ip le of 3 but not of 12, 
then amenorrhea may have been reported exactly 
(YE(8.5, 9.5),  Z < O) or i t  may have been round- 
ed to the nearest-three months (Y~(7.5, 10.5), 
Z~(O, I ] ) .  Therefore 

X(YR=9)=(l.5,IO.5)x(O,I ] u(e.5,9.5)x-~,O].  

F ina l ly ,  i f  YR = 12 (a mul t ip le of 3 and 12), by 
s imi lar  arguments 

X(YR=12)= (6,18)x(1,~) U (10.5,13.5) 
x (0,1] U (11.5,12.5)x(-~,0] .  

Heitjan (1985) describes a Newton-Raphson algo- 
rithm for maximizing this l ike l ihood under the 
assumption that Y is normal. 

We present the results of f i t t i n g  the probi t  
model to the amenorrhea data in Table I.  We 

assumed that Y~ was normal, resul t ing in a bi-  

variate normal model for (Y~,Z), and f i t  the 
model for a range of x values, eventually set- 
t l i ng  on ~ = i .  A comparison of the estimated 
mean and variance of Y from the assumption of no 
rounding shows that the naive variance is an 
overestimate, although the mean of Y is hardly 
sensit ive to the grouping. This behavior is 
typical  of estimation strategies that account 
for rounding in the data. 

The regression coef f ic ients  in Table I show 
that the slope estimate is small in magnitude 

but large compared to i ts  SE. Thus, as the 
ear l ie r  analysis suggested, the propensity to 
round coarsely increases with Y. Plots of the MLE 
rounding propensity curves appear as the dashed 
l ines in Figures 3, 4 and 5. Except for PRI2, 
the model-based l ines predict a more marked de- 
pendence than the previous analysis suggested, 
although the two sets of curves are, for most of 
the range, separated by less than a standard 
error.  I t  is possible that the smoothed curves 
from the simpler analysis of section 4 are overly 
conservative, since those proportions were 
weighted a r t i f i c i a l l y  toward 0.5 by "s tar t ing"  
the numerators and denominators. These plots may 
also suggest that the moderate rounding category 
is superfluous in explaining these data. In any 
case, the resul t  for PRI2 is quite encouraging. 

6. Conclusions 

In th is paper we have focused upon a single 
aspect of data misreporting: the grouping or 
coarse rounding of data. We have demonstrated 
how grouping may arise in survey data and have 
shown how one can e x p l i c i t l y  model th is behavior. 
Our e f for ts  have been aided by the existence of a 
set of data including grouped and ungrouped ver- 
sions of the same variable. 

We believe that our analysis has the potential 
for appl icat ion to many kinds of data, part icu- 
l a r l y  sel f - reported ages, durations and the l ike.  
The kind of grouping we have described, however, 
may be only one of many kinds of misreporting 
errors a f f l i c t i n g  a given data set. In the INCAP 
data, only 150 of over 800 or ig inal  amenorrhea 
lengths appeared to be rounded as we have des- 
cribed. Several misreporting mechanisms were at 
work, although rounding was c lear ly  one of them. 

In any event, the var iable-precis ion rounding 
that we have described is the rule in many kinds 
of data. We believe that models l ike that pre- 
sented here can be valuable tools for summarizing 
rounding and i ts  re la t ion to other variables 
under study. We ant ic ipate fur ther  appl icat ions 
and refinements of the method. 
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Table I .  

Estimated Parameters in the Probit Regression Model. 

Naive (Ignoring ML Estimated 
Rounding) 

Parameter Est. SE Est. SE 

Mean(Y) 

Var(Y) 

c~ 

~2 

12.34 0.47 12.35 0.18 

33.74 3.90 32.43 3.95 

-0.46 0.31 

0.052 0.021 

0.72 0.26 
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