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Abstract:

There are many chdlenges associated with the analysis of historica height data from military records on
account of the existence of minimum height requirement prior to universal conscription. This essay
provides an overview of two decades of experience working with such deficient height ditributions, and
outlines various srategies to use and to avoid in order to obtain robust estimates. The concluson
emerges that the QBE procedure is to be avoided, because the other procedures available, the K&K
method, or truncated OL S regression or truncated maximum likelihood regression are more robust and

are the appropriate methods to analyze such samples.



How to (and How Not to) Analyze Deficient Heights Samples

The systematic study of the physica characteristics of human beings reach back well into the
eighteenth century (Tanner, 1981). By the 1830s Adolphe Quetelet and Louis R. Villermé recognized
that biologica outcomes, such as physicd stature were influenced both by the naturd, as well asthe
socio-economic environment (Villermé, 1829; Quetelet, 1831). However, until the late 1960s, when
French higtorians of the Anndestradition began to explore the socio-economic corrdates of human
height, the topic was of interest primarily to scholarsin Sster disciplines such as anthropology, biology,
medicine, or military history (Le Roy Ladurie, Bernageau, and Pasquet, 1969). The true expansion of
anthropometric history began in the mid-1970s when American cliometricians (quantitative economic
higtorians), in search of a new measure of wdl-being, set out in earnest to Sudy the history of human
physical stature during the course of the last two centuries (Harris, 1994; Komlos, 1985, 1995; Stecke,
1995; Komlos and Cuff, 1998).

Anthropometric higtorians are generdly interested in estimating the changes in mean height of a
population over time, insofar as that provides an indication of how well the biological organism was able
to thrive in its socio-economic and epidemiologica environment. From these trends one can infer
changesin the levd, variability, and the digtribution of income, or how wdl sdf-sufficient peasants were
ableto carefor ther children. They provide an overdl indication of the accessto nutrients, influenced by
their relaive prices. In addition, measures of socia, gender, and spatid differencesin nutritiond status
are obtained. Thisis aconsderable advantage, insofar as height data are plentiful for segments of the
population at the regiond levd a atime when conventiona indicators of economic welfare— such as
income - are sparse or completely nonexistent.

Thisinnovative perspective opened up new windows to the past. We now know that during the
pre- and early indudtria period the biologicd standard of living depended on such socio-economic and
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demographic factors that influenced the availability of nutrients, particularly of protein (Komlos, 1998).
Population densty, population growth, urbanization and the degree of commercidization of the economy
al had important effects on the human growth process. We aso learned that prior to the onset of
modern economic growth, people who were sdlf-sufficient in food production, were living on productive
land and in regions with low population dengty (i.e. rdatively removed from urban markets and their
disease pools) tended to be rdatively tal even if they were poor in conventiond terms (Komlos, 1985).
Propinquity to nutrients invariably conferred consderable nutritiond advantagesin the early-indudrid
period vis-a-Vvis urban populations, and those engaged in industrid activity prior to the emergence of
refrigerated trucks and railroad cars (Cuff, 1998; Craig and Weliss, 1998; Haines, 1998; Komlos,
1989). Physicd dtature declined a the onset of modern economic growth in the then developed world,
and did not begin to improve substantialy until well into the second half of the 19" century. Thisisan
indication that there were hitherto unrealized hidden codts to indudtridization even in such resource-
abundant country as the United States. In marked contrast, the secular trend in stature in OECD
countriesin the 20" century was less subject to cydlica downturns, except during wars. The reason is
that marketsin food products became better integrated, so that loca shortages in Europe and North
Americawere quickly aleviated. Government expenditures on public hedth and medica careincreased
aufficiently to make amgor impact on the biologica well being of the population. Children's work
declined or was entirdy diminated, freeing up calories for the growth process. Welfare programs
increased, so that the effect of short term fluctuationsin income had a negligible effect on children's
heights (Komlos, 1996).

Y et, the aim of this paper is not to provide an overview of the accomplishmerts of anthropometric
history. Rather, the god is to offer some basic guiddines on how to andyze deficient height samples
which are rather common particularly in European data sets. With two decades of experience behind us,
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it should be useful to share our understanding of current practice. To be sure, in many cases one can
apply standard procedures to estimate trends and cross-sectiond patterns using ordinary least squares
(OLYS) linear regresson anadlysis. Such ingtitutions as prisons, passport agencies, and amieswith
universal conscription did not impose a height requirement (HR) on entrants, and, therefore, the samples
drawn from their records are representative, in the main, of the underlying population from which the
ingtitution drew its members.* In such cases one can obtain arandom sample of heights representative of
the universe of observations upon which the archiva information is based.? Those samples arein
principa unbiased, and standard procedures of analysis gpply, even if the universe might be limited by
gender or confined to certain socid classes®

Deficient Haeight Samples

Height data often stem from indtitutions that imposed a HR as a precondition of entrance.
Samples drawn from such records are perforce deficient i.e., incomplete, inasmuch as a subgtantiad
portion of the underlying population's height didtribution is unavailable for analyss. Obvioudy, samples
drawn from such records are not representative of the universe of observations: people below or above
a certain threshold are either missng completely, or are underrepresented. There might be a minimum
HR on the left 9de of the digtribution (HRqin, & ?m,), OF on the right Sde, due to a maximum height
requirement (HRmax, a ) (or both). HRyi, are most common, but HR .« Were aso imposed, if being
much taler than average was a disadvantage, as aboard ships, because of the high center of gravity.
Estimating procedures devised to correct for a bias caused by the HRs are based on the biological fact
that the height digtribution of adult (homogeneous) populations are (approximately) normaly distributed
N (?,?) (Tanner, 1978; Bogin, 1999). Y et, one does not need to test for normality in such samples
because only a part of the digtribution is available for andyss and Satistica tests of normaity have not

been devisad for distributions with aHR.*



A complicating factor isthat the HRs varied over time, and were enforced with varying stringency
(but never perfectly): in effect, the records went through a (time-variant) filter: people shorter than 7,
or taler than 2, had alower probability of entering the sample. Such digtributions have a“ shortfal” (of
unknown magnitude) beyond the HRs, and are thus inherently biased (Wachter, 1981). Shortfdl implies
that the sample is not random, but that it is not perfectly truncated either. ®> There are some observations
missing below 7, or above ?,. The amount of shortfal is the (unknown) share of the observations
missing in the sample beyond the HRS, i.e., the percent of people who were not accepted into the
ingtitution because of the HRs. Without proper statistical correction any results obtained by such
deficient samples, such as means, correlations, or regression coefficients are unrdiable, mideading and
mogtly wrong® (Komlos, 1993; Heintel and Baten, 1998). (See Appendix A for definitions and
abbreviations.) In the presence of shortfdl the sample is normdly distributed only within the range (7,
2).” As an example, consider the height distribution (histogram) of 11,000 adult French soldiers
recruited prior to 1740 (Figure 1). An eroson of the distribution below 62 French inches (F.i.) is quite
gpparent, implying the existence of shortfall. Note, however, that in practice the truncation is not perfect,
implying thet the HR i, Was not enforced consistently.® Thisis the typica pattern in armies that did not
have universa conscription. An example of the effect of HR.s IS found in a sample of poor boys
admitted into the Marine Society of London, a charitable ingtitution, between 1792 and 1798 (N=559)
(Figure 2). The indtitution prepared boys for life a sea, did not have an officdd HRy«, but an informd
one’

Figures 1 and 2 about here

In order to discover such deficiencies in the sample, the very first step in any andyss of height

should be avisud inspection of the sample histograms. Thisis mandatory before proceeding further,

even if one has reason to think that HRs did not exi<t, because informa ones were often enforced, and
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by examining such evidence one gains a sense of the degree of shortfal, of rounding, and of other
possible sample deficiencies. Note that heights were not aways recorded precisely, particularly in
military samples. Observations were often rounded to a nearest unit (e.g., inch or cm). Hegping on
whole, or on even numbers, or numbers divided by 5 is often evident.’® However, symmetric rounding
(heaping) does not introduce appreciable systematic bias into the analysis.** The digtribution within the
range (?m, ?) should be gpproximatdy normaly distributed, but hegping on favorite numbers might well
produce samples which deviate from this generd rule? As a consequence, testing for normality is not
very hdpful. In addition, dthough the mean and the mode are identica in norma distributions, thisis not
the case in the presence of hegping (rounding), and consequently the mode is not arobust estimator of
the mean in such samples®®

Heght Digributions

The am of the visua examination of the hisogramsisto identify the actud HRs for the period
under consderation, and if they changed over time, because one needs the de facto, and not the
prescribed HRs for further anaysis™ In creating the histograms for initial inspection, the height
measurements must be left in the origind units, because converdgon into another system can introduce
distortions.™®> Samples from different military units, i,e. cavary, artillery, navy, infantry, and ancillary
troops should not be conflated, because different units generdly had different HRs, and the combined
sample would become a mixture of truncated normal distributions for which estimating procedures are
much more complicated.’® In historical populations those who were older than 23-years old have
reached their find helght and can therefore be consdered adults. The height distributions of younger
soldiers should be analyzed separately, because the time during which their growth could be influenced
by environmental circumstancesis not perfectly coincident with those of adults” Insofar as height

begins to diminish after age 50 — those above this age should not be consdered in the andyss.
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In samples covering an extended time period, several histograms should be produced. Histograms
by decades are dedrable if there is sufficient number of observations, but longer intervals are
appropriate otherwise. It is usually necessary to separate peace-time from war-time recruiting, because
HRs were frequently overlooked during times of need.*® The dates at which legdl changes were madein
the conscription laws are also obvious choices for periods.™ For this part of the analysis the rdlevant
date isthat of recruitment, and not that of the time of birth, because HRs changed for recruitment years
and not for birth years. Idedlly, there should be about 500 records for each histogram in order to
minimize the confounding effect of small sample sze®

I ndependent Variables

Only after the HRs are determined, can the actud process of andysis commence. Theam isto
esimate: the mean height of the population from which the soldiers were drawn, ??and the effect of
covariates (independent variables) on height including time, i.e., the trend.?* Usuia explanatory variables
avallable for military samplesinclude age, date of birth, region of birth and of resdence, urban/rura
provenance, date of enlistment, and occupation. Physica dature is affected by many socio-economic
variables. Theseinclude, but are not limited to the epidemiologica environment — hence the mortaity
ratesin the region of birth or of resdence is alegitimate explanatory varidble. Socid dratification isaso
acrucid determinant of height insofar as income determines the budget congtraint. Educeation (literacy)
has an effect, becalise better educated parents have superior consumption skills, are better informed
about long-range hedth effects of consumption patterns, and, thus, are usudly able to take better care
of ther off-gorings. Education dso correlates postively with income. Height is a function of income
inasmuch as the consumption of nutrients, particularly of proteins, vitamins, and minerds, and the
regularity with which those nutrients are consumed, al influence height a a particular age until adulthood.

Urban/rurd differences (population densty) are dso useful predictors of height insofar as the disease

6



environment and medica services vary spatialy. Population dendty dso determines the speed with
which disease vectors are transmitted throughout the population. From the region of birth many
ecologicd variables might be inferred, depending on collateral information, such as the digtribution of

.22 All of these variables can

income. Occasondly some data might be available on the parents as wel
be useful, though usudly a smdl percentage of the variation in height can be explained a the individud
level, because most of the individua variation in height is genetic.?®

Edimation Procedures

Four estimating procedures, avallable for andyzing norma distributions with shortfal, are
discussed below: the Quantile Bend Esmator (QBE), the Komlos-Kim method (K& K), Truncated
Ordinary Least Squares (TOLS), and Truncated Regression (TR) usng maximum likelihood procedure
(Appendix B).*

The QBE was suggested by Wachter and Trussdll (1981, 1982) to estimate ? ?the true mean
height of the underlying normaly distributed population from a sample with shortfal: theoreticaly
E(? oge) =7 72 owever, empirical work has found that 2/ has such a high variance that QBE is not
rdiable (Table 1).% The dgorithm estimates the amount of shortfall by filling in the missing observations
below 2., until the sample distribution becomes normal (Gaussian).? In contrast, the first step for the
other three methods is to discard all observations outside of the range (?y,7) in order to equdize the
bias across the whole sample. The K&K method is the easiest of the four procedures and can be done
most conveniently with al statistical programs. one ca culates the mean of the part of the sample
remaining after truncation, i.e., after discarding the portion outside of the range (?m, %).2” While
?kex ? ?72he direction of the trend of the truncated mean using the K& K method is also the direction

of thetrend in ?72he mean height of the population from which the sample originates®®



Table 1 about here

The usua approach using ordinary least squares regression (OLS) is unsuitable (biased) in case of
samples with shortfal, and should not be used on such datain any circumstances. Two regression
methods are gppropriate to analyze the correlates of height in case of truncated normd ditributions:
TOLSand TR.? TOLS, first suggested by Komlos (1989), is the easier approach, being the an
extenson of the K&K method for estimating the effect of covariates of height. TOL S has the advantage
that it can be performed with dmos dl gatistica computer programs, including SPSS. Thisis not the
casewith TR, which is confined to amore limited set of satistical packages such as STATA (2001, p.
209) and EViews (2000, p. 438). TOLSis OLS regresson analysis after the data outsde of the range
(?m,?) have been diminated. Clearly, the coefficients obtained with TOLS are biased, but their rdative
szes, aswell asthar signs are correct.® Note, however, that accurate statistical inference (confidence
intervals, hypothesis testing) is not gppropriate with TOLS. For this purpose the fourth method, the TR,
using maximum likelihood estimation, is required.?

For the three methods TR, TOLS, and K&K, observations outside of the range (7, %) are
discarded. As a consequence, the height distributions have to be examined carefully and if (7, 2)
changed over time, then one hasto consder which of the (7, , %) to use. For the TR procedurethisis
not aproblem, insofar asit can be used with severd setsof (7, %) Smultaneoudy; for the K&K and
the TOLS methods, however, the largest 2, (?707), and the smallest 2 (?2"") are the relevant onesto
use for truncation, if (?n, %) changed over time. These then become the effective (7, , 2 for further
anaysis. (In subsequent notation we drop the superscripts on the ? s and assume that they are the
appropriate ones for the particular analysis.) For instance, in the case of the French army, 7, was

lowered from 62 to 60 French inches (F.i.) between 1740 and 1762.% Hence, with K&K and TOLS,



one would choose the larger of the two, i.e. 62 F.i., asthe binding 7, for the whole period 1716-
1789.% Thus, the digtribution of heightsis conditioned to have “identica biases’, within the range (?n,
2, and can be used for further andysis. In other words, we make certain that the biases are the same
throughout the period under consideration. The observations outsde of the range (7, ?) are then not
used for further andysis®

The QBE isthe only one of the four methods that does not need information on the HRs, and as
Is the case with the K&K method, it cannot estimate the impact of covariates on height (Table 1).
Moreover, it cannot be used on doubly truncated samples, whereas the other three methods can.
However, it was clear from the very beginning of the anthropometric research program that 2/ oge Was
inaccurate (Komlos 1985, 1989, p. 52).*° Simulation exercises confirm that ? oge isan inefficient
esimator of ? (Table 2). Experiments using 28 different specifications (each repesated 1,000 times) with
various sample szes, varying amounts of shortfal, and varying truncation points confirm that the QBE
procedure is unambiguoudy inferior to dl three other ones (Heintel, 1996a,b). These smulations
indicate, that the average bias =2 oge - ? is about twice as large as that of the TR procedure (Table 2).
In addition, the variance of 2 oge is 1.7 - 35timesaslargethat of 1, and its mean square error (?2
+ bias) is 3.3-35 timesaslarge asthat of 21 (Table2). In other words, ? oge isinefficient asthe
estimates have alarge variance compared to the TR procedure.

Table 2 about here

Ascertaining accurately the direction of trend in physica Satureis an important issuein
anthropometric history: consequently we proceed to estimate the probability of correctly estimating
whether the difference between the estimated means of two samples has the correct sign. Consider an

experiment in which two samples are drawn from two populations N(?4, ?1) and N(?;, ?»). Discard



20% of the sampleto the left of 21, 7m2, a@nd then caculate the probability that the three methods,
QBE, TR, and K&K estimate the direction of the trend correctly. That isto say, in how many cases out
of 1,000 isit truethat if ?:<?,then ? 1. 0pe <P 208 OF P 1 7r<P 2 1R OF P 1xak <P 2xek. Theresults
of some 20,000 simulations indicate that K&K method is the most robust followed by TR procedure.
With a one cm change in the mean, the probability that the K&K method estimated the sign of the
change correctly is 0.87; the TR method estimated it correctly in 71 percent of the cases, while the
QBE did s0 in 65 percent of the cases (Table 3).% In other words, the QBE procedure is not able to
estimate even the sign of the trend correctly in about one-third of the cases® The relative accuracy of
the K&K procedure increases until the difference between the two means (?, - ?,) reaches 0.5 cm and
remains a being about 40% more accurate until ?; - ?, = 1.25 cm (Figure 4).%® Hence, by al measures,
the QBE is unacceptably unreliable, and should not be used as an estimator of either the true population
means, or of trends, insofar as more accurate procedures are available.
Figure 4 and Table 3 about here

In contradt, the K&K method is quite accurate. Whileiit is suitable primarily for estimating the
direction of the trend, it can aso be used to convert 2?1 into ?&s described in fn. 42, dthough that isa
bit complicated. It is primarily useful in obtaining a quick and accurate impression of trends over time.
Insofar asit cannot be used to estimate correlates of height, the sample first hasto be subdivided in
order to ascertain the trends in height for particular subgroups, by geographic provenance, for
example.* For the K& K method to be more accurate than the TR, one of the following three
conditions need to hold: @ ? remain congtant; or b) if ??s not congtart, it changes in the same direction
as the mean height, 2;*° or ¢) if ?2nd ?Move in opposite direction, ? should not change by more than

about six percent (about 4 mm) (Table 5). If the true heights increase and at the sametime as ? declines
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by about 4 mm (from say 6.5 to 6.1 cm) the TR becomes the superior method. These are weak
restrictions, however, insofar as ? tends to remain stable over time, even over centuries, and even as
mean heights change condderably. TR is superior to QBE with any changein ? 7ZHgure 52 In sum, the
K&K method isavery ussful firg sep in any andysis of height trends. It is not foolproof, though, and it
Is therefore important to supplement it with the two regresson methods, TOLS or TR, that are able to
explore the effect of covariates (i.e., age, time, birth place, socioeconomic environment, mortality rate,
population dengty) on heights, provided such data are available.
Figure 5 about here

The advantage of TOL S isits ease of gpplication — amost as convenient as the K&K method, but in
contrast to K&K, it also estimates the relative effect of the covariates on heights. The estimates ? 1o, s
arefirg converted into (truncated) height estimates. For example, in order to estimate the height of
French soldiers who have not yet reached adult height, dummy variables were included for ages ? 22.
The congtant (171.62 cm) then pertains to the height of 22-year-old soldiers: ? tor siage =22= ? TOLS(age
-22=171.62 cm, which becomes the reference category. If the estimated coefficient of the 20-year-old
soldiers, for example, is ? ToLs(age=20)= —0.44 cm, then thisis the amount by which 20-year old soldiers
were shorter than 22-year-old soldiers. One can caculae the height of 20-year-old soldiers (above
min) STOIOWS P 7oL stage20= ? ToL ez ? ToLsage20= 171.62-0.44= 171.18 cm. Note that this
Isthe estimated height of 20-year-old soldiers and not that of 20-year-olds in the popuation. Thet isto
say, E(?oLs) ? 7 . However, these heights can be converted into estimates of the mean height of the
sub- populations from which the soldiers were selected, even if the conversion is rdatively complicated.

The 171.18 implies that 20-year-olds were about 162.3 cm in Francein thefirst half of the 18"
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century.** These estimates are the same as the maximum likelihood estimates obtained with TR
(A’Hearn, 2004).

Though TR is often a bit more difficult to implement in practice, insofar as the procedureis
avallable on fewer gatistical computer programs, it has the considerable advantage of immediately
providing condstent and unbiased estimates of the coefficients of the independent variables, aswdl as
their sandard errors, thereby dlowing for further satistica inference, such asthe cdculation of thet-
values of the estimates* Jugt asimportantly, with TR one can use severd truncation points for different
ub-periods, in contrast to TOLS. One only has to discard the part of the sample outside of the range
(?m, %) pertaining to the various sub-samples, and specify these upper and lower limits within the
command before running the program.*® A’ Hearn (2004) has shown that the accuracy of the TR
method might be improved by congtraining the historica height digtribution to have a? Amilar to those
obtained in modern populations.

Conclusion

The andysis of height data can be chalenging if apart of the underlying height digtribution is
missing from the sample, asis the case for records semming from ingtitutions which imposed a minimum
or maximum heght requirement on entrants, as many military establishments, in fact, did prior to the
establishment of universal conscription.** Severa methods that have been used on such deficient height
samples over the course of the last two decades are reviewed in this article. The conclusion emerges
that it isimperative to begin the andyss with avisud ingpection of the sample height digtributions, in
order to recognize possble anomalies and to determine the actud height requirementsin practice, which
could deviate from the legdlly prescribed ones. We conclude that if the estimates obtained fluctuate
wildly over time, the presumption is that they are probably incorrect, and need further investigation.
During the course of the last century and a haf mean height of European populations increased & arate
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of between 1-1.5 cm per decade (Cole, 2003), and this should be considered anormal leve of change
from decade to decade. If the estimates diverge from this order of magnitude subgtantialy then the
chances are something is wrong.*

Four methods (QBE, K&K, TOLS, TR) for estimating means, trends and covariates of heights
from adeficent sample with shortfdl have been discussed. We infer on the bass of smulation
experiments that the QBE procedure is unambigoudy inefficient, and should not be used to estimate the
mean of adeficient height sample. An example of incorrect inferences that have been drawn with the use
of the QBE procedure can be illustrated on the basis of the height of the British population based on
military samples. While the origind estimates fluctuate implausibly (Figure 6), Houd et d. nonetheless
concluded on the basis of the pattern obtained that heights “ rose from the middle of the eighteenth
century and into the late 1820s...” (1990, pp 28, 275). The incorrect inference is then made pertaining
to the very old controversy about the secular trend in living standards of English workers during the
Industrid Revolution that, “the eraof the early Industrid Revolution seems on this evidence to have led
to an improving standard of living for the working population...” (1990, pp 151-152). Y et, the revised
estimates, based on the K&K method, yied an entirdy different pattern of generdly fdling physca
stature in the late 18" century (Figure 6). The two estimates for the 1810s are as far as 7 cm apart.
Moreover, the revised estimates indicate that the peak in the early 19™ century iswell below the 18"-
century pesk, so that the proper inference is thet living standards declined rather than increased*
(Komlos 1998).

Figures 6 and 7 about here

The fact that the Floud et al. estimates are inaccurate can be corroborated on the basis of four

independent data sets which consstently show a very different pattern than that reported by Floud et dl.,

on the bagis of which it becomes dlear that heights did decline during the course of the Industria
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Revolution (Figure 7). These estimates are dso lower than that of Floud et d. by of about 6 cm for the
1810s, but are greater than that of Floud et d. by 5.5 cm in the 1740s. So that the increase of 7.5 cm
increase in height suggested by Floud at d. (1750-1820) is turned into a4 cm declineg!

Another example of the wide margin of error of the QBE procedure is provided by the Floud et
a. (1982, 1990, p. 167) estimates of the height of poor English boys. These estimates also fluctuate
widdly, the estimates frequently cross one another for different ages, athough one would expect older
boys to be taller (Figure 8). Just asimportantly, agenerd pattern is difficult to recognize. In contragt, the
estimates made by Statal s “trunc reg” program shows a much more consstent pattern among the
different ages. The fluctuations are much more plausible, and heights decline unambiguoudy at al ages a
the end of the 18" century, corresponding thereby with the revised estimates of the military data (Figure
9). Hence, the height estimates of the poor English boys corroborate the revised estimates of the height
of soldiers. The QBE procedure obfuscated the patterns considerably, thereby leading to incorrect
higtorica inferencesin ggnificant ways.

Figures 8 and 9 about here

In sum, the inescapable conclusion is that the QBE program should not be used. Of the other
three methods, The K&K method is the quickest way to obtain an overdl impresson of trends. Its
mgor limitation isitsinability to estimate the covariates of height. In contragt, the TOLS is able to
esimate at least the relative Size of the covariates, while the TR method is able to estimate both the
covariates and their standard error (Table 1). Because al three methods, TR, K&K and the TOLS,
have some shortcomings, it is useful to use at least two of the methods to vaidate the results obtained.
Only to the extent that the conclusions obtained with two methods support each other, should the results
be accepted as vdid. Deficient height samples are rather difficult to analyze, and require alot of careful

congderation of the procedures used. One cannot work with them as eadly as one does when one has
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the full digribution of heights.
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Appendix A. Abbreviations— Definitions

amount of shortfal - the percent of missing observations from the sample beyond the HRs.

E — expectation operator.

F.i. — French inches

HR - height requirement(s) (minimum and/or maximum) to be accepted into an inditution.

K&K — Method to estimate trends in truncated height distributions. Uses means of the sample after
observations outside of the range (?n, %) have been diminated.

? 2 he true mean height of the populaion from which the sampleis drawn.

?l kex — Mmean height of the sample using the K&K estimator: E(? xgk) ? 72 ?
? 1r — Edimate of ? using the maximum likelihood estimator: E(?/1g) = ? ?
? ose — Edtimate of ? using the QBE estimator, E(? tr) = ? 7but 2 gae isnot an efficient estimator of

7.
?ros — Esimate of ? 2ising TOLS method: E(?ors) ? ? 2

HRmin - minimum height requirement.

HRmax - maximum height requiremen.

? 72,2 72Normd digribution with mean ?“and standard deviation ?.

OLS - ordinary least squares regresson anaysis.

QBE — Quantile Bend Estimator — amethod of estimating ?and ? Dy estimating the amount of shortfal.
Itisineffident.

RSML — reduced sample maximum likelihood estimator — see TR.

? ??the true standard deviation of the population from which the sampleis drawn.

shortfal — missing observations from the sample on account of the HR.

?m — MiNimum truncation point.

? - maximum truncation point.

TOLS - truncated ordinary least squares; linear regression andysis after the vaues of the sample
outside of the range (7 , 2) have been diminated.

TR — truncated regresson: uses maximum likelihood procedure to estimate ? 2ts standard error, aswell
as ?; previoudy referred to as RSML, reduced sample maximum likelihood or as TML, truncated
maximum likelihood.
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truncated sample — the sample obtained after the observations outside of the range (7, %) are
eiminated.
truncation point — the value at which shortfal begins and where the sample should be truncated.

Appendix B. The Truncated Maximum Likedlihood Estimate
Let x, 1 =1,..., n, the n observationsin a (sub)-sample fully truncated below ?.,. The density of this

sampleisthe product of theindividua denstiesf(x;), which are dengties of anormd distribution with

2 29
mean ? and astandard deviation ?, normdized by the factor 1-? [ - ”‘9’ —1, so that the dengity

Integrates to one over the range above the truncation point. ? isthe sandardized normd distribution
function. The estimates can be found numericdly by maximizing the sample dengty subject to the
unknown parameters ? and ? (maximum likelihood estimation).

With rounding, the likdihood function to be maximized is given by:

1
1 e[?z?—zm??)zl
n
?4/27?
L=7 ? ?27??7?

i71 1')’)[ ‘m
?

, Where ? thelinear measure (inch, cm) of the rounding interva

below the truncation point (Mokyr and O"Gréda. 1996). Tht is, in case of the 18" century French

military 2, was 62 French inches (F.i.), and we assumed that ? = 0.25, i.e., that men whose height

equaled 61.75 F.i. were dlowed to pass mugter, by having their height rounded up to 62 F.i. Thisisa
crucia assumption, insofar as it increases the height estimates by about 1 cm. Even if the assumptionis
arbitrary — it is plausble, and should be implemented as the best guess estimate.
Appendix C. Dendity Estimation (Smoothing)

To egtimate the continuous dengity of asample X = (x, i = 1,..., n), perform the following steps
Scott (1992, ch. 6): Calculate the optimal bandwidth h = 2.78 ?.n™/°, where 2. is the estimated

dtandard deviation.*” Define astepwidth s (for heightsin cm s = 0.1, for heightsininchess=0.05isa

17



reasonable choice). With this stepwidth generate points P;, | = 1,..., the smalest element being min(X) -
h, the largest about max(X) + h. Calculate the estimated dengity on every point P; by weighting the

P ?Xx

observations X on each of these points: f«(P;) :i? K[
n

i?1

]. Thefunction K (u) is % (1- W)2if

lu] ? 1. Otherwise K(u) is zero.
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Figure 1. Height Distribution of French Soldiers
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Figure 2. Height Distribution of 16-Year-Old English Boys
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Fig. 3 Height Distribution of American Passport Applicants
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Figure 4. Probability of Estimating the Trend Correctly
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Figure 5. Probability of Estimating the Trend Correctly if
Standard Deviation Changes
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Figure 6. Three Estimates of British Male Heights (cm)
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Figure 7. Five Estimates of English Male Heights (cm)
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Figure 8. Height of English Boys: QBE Estimates
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Table 1. Deficient Height Samples: Comparison of the Four Estimators

QBE K&K TR TOLS

Rdiability poor excdlent very good excdlent
? @nbiased in theory yes no yes no

? Bnbiased in practice no no yes no
estimates ? yes no yes no
needs ? for 2 ? no yes no yes
Needs HR no yes yes yes
Double truncation ok no yes yes yes
Program needed Specid any Stata, Eviews any
Easy to use no yes medium yes
Edtimates covariates no no yes yes
Recommended no yes yes yes

Table 2. Biasand Variance of 2 (cm): Comparison of the QBE and TR Procedures

Continuous Digtributions?
Means of
n N Biasof ? Varianceof ? Mean Square Error
QBE TR QBE TR QBE TR Rdio
1000 12 -0.40 +0.21 2.89 0.83 3.05 0.87 3.52
Discrete Distributions®
n N Biasof ? Varianceof ? Mean Sguare Error
QBE TR QBE TR QBE TR  Raio
1,000 16 -0.25 +0.13 1.66 0.96 3.24 099 3.26

Note: n = number of times the smulation was run with each specificaions,

N = number of various specifications that were estimated with different sample sizes and amounts of
shortfdl (shortfall: 10-30 percent; sample sizes: 250-500);

4True mean of the population from which the samples were drawn was 165 cmwith a? of 6.5 cm.
® The amount of shortfall was between 5 and 45 percent. The true mean of the population from
which the samples were drawn was 65 inches with a ?8f 2.6 inches. The samples were rounded to
the nearest inch.

Source: Heintel, 1996a, 1998.
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Table 3. The Accuracy of Trend Estimates. The Probability of Obtaining Correct Direction of
Change with Three Methods

Probability K&K
N QBE TR K&K n  Advantage
10,000 0.64 0.69 084 250 0.15-0.20
10,000 067 074 091 500 017-0.24
Average 065 0.71 0.87

Note: N = number of pairs of samples for which direction of change was estimated with al three
methods, n = sample sze of each smulation. Smulations were made with 20 different specifications,
with 1,000 smulations each. The true mean of the population from which samples were dravn
increased in 9 gpecifications from 165 cm to 166 cm, and from 165 to 165.5 in one specification. The ?
was 6.5 cm throughout. Shortfal varied from 10 to 50 percent, and the truncation points from 160 to
165 cm.
Source: Heintel, 1996b.
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Endnotes

! For example, prison samples pertain essentially to the lower classes of the society, while passport
samplesin the 19" century are likely to contain a disproportionate number of people from the middle
class.

2 Because of regulations and financia congtraints, archival sampling can be very chalenging, insofar
as there are limits on the number of documents one can obtain in a given time, due to the shortage of
archivigs. Under such circumstancesit can be very difficult to ascertain at the outset even how many
data are available, and it can be often impractical to obtain atruly random sample under conditions
that prevall in many archives.

® Yet, problems may arise even in case of universal conscription, if the individual data are unavailable
and one is working with published sources. There are severa such sources of summary results of
heights digtributions in categories. George Alter suggests that some of the Italian height distributions
found in Livi (1883, 1896) are quite ditorted, but not because of the minimum height requiremen.
Apparently recruits who were initidly shorter than the minimum height requirement at mustering were
asked to return the following year. Hence, some people were measured twice, and there may be
double counting near the MHR of 155 cm. In addition, one cannot hold age congtant in these
published height digtributions, asit contains height &t different ages. Moreover, there might be
heterogeneity in such summary dtatistics that cannot be controlled for, since the occupation of the
conscripts are unknown, and the obtained height distribution might be a mixture of normd
digtributions. Thus, there are many more problems to be worked on from a gatigtica point of view.
We do not clam that we have solved dl problems pertaining to deficient height samples.

* In addition, in the presence of rounding, the statistical tests of normdity (such as the Jarque-Bera

test) of even complete height digtributions lose power, thet is, are ineffective.
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> The fact that the HRs were not enforced with stringency implies that the samples themselves are not
truncated. In practice, the researcher has to truncate the sample after identifying the HRs. Truncation
is different from the problem of censoring. ... Suppose for example, that we are studying the wages
of women. We know the actua wages of those women who are working, but we

do not know the 'reservation wage (the minimum wage a which an individua will work) for those
who are not. The latter group is smply recorded as not working. Or suppose that we are studying
automobile purchasing behavior using arandom survey of the population. For those

who happened to buy a car, we can record their expenditure, but for those who did not we have no
measure of the maximum amount they would have been willing to pay a the time of the survey. In
both of the examples just described, the dependent varigble is censored: information is missing for
the dependent variable, hut the corresponding information for the independent variables is present.
(If both kinds of data are missing, we describe the dependent variable as truncated)...”" (Pindyck and
Rubinfeld, 1998, p. 325). However, in anthropometric research, in most cases we do not have
information on the number of people who had been regjected from military service.

® For example, the French military had a HRyi, of 62 French inches (F.i.) (or 167.81 cm), implying
that men shorter than this height had alower probability of being accepted into the infantry and,
therefore, into the sample. The mean height of the soldiers was about 171.5 cm, but this obvioudy
does not pertain to the height of the population of able-bodied men living in France a thetime: this
mean is upwardly biased. However, one can use thisinformation to estimate the mean height of the
population of al men by assuming that 18" century heights were dso normally distributed with a
standard deviation (?) equa to that of modern adult populations (about 6.86 cm). On the basis of

this assumption one can caculate that the mean height of the mae population must have been about
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161.7 cm. That, in turn implies, that 82.5 percent of the population must have been shorter than the
HRmin Of 167.8 cm. However, that is far from being the case in the sample: only 20.5 percent of the
sampleisto theleft of 167.8 cm, and the difference between the two vaues (62 %) is the amount of
shortfdl, i.e., 62 % of the observations below 167.8 cm is missing from the data set. The ? of height
digributionsis remarkably smilar across populations and acrosstime. That of black and white maes
between the ages of 18 and 25 is 7.0 in the contemporary US, and that of femaesis 6.5 among
blacks and 6.4 among whites (Frisancho, 1990, pp. 144, 164).

" Deviations from the normal distribution might be due to insufficient sample Size. Thus, in case of
archiva sampling, one should examine the histograms during the sampling process, in case the sample
needs to be enlarged. However, one cannot afford to disregard observations outside of the range
(7m, %) dready a the archiva stage. Though that practice might save sometime in collecting data,
one does need to collect a complete sample insofar as in the early stages the researcher only knows
the legd HRs, and does not know the extent to which practice deviated from them.

® The vaue a which shortfal begins is referred to as the truncation point, even if the HR is never
perfectly enforced.

® Heintel and Baten (1998) describe some statistical difficulties with these data. Boys of this age who
were extraordinarily tal might have been deemed unsuitable for life a sea or might have had the
opportunity to go directly into the labor force, and might not have required the charitable support of
the Marine Society.

19 There might be dight deviations from normality due to rounding. Americans who traveled abroad
gpplied for passports as proof of citizenship. There were obvioudy no HR for traveling abroad, so

one would not expect such a height digtribution to be truncated. The distribution of height of asample
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of 2040 mae adult (older than 22 years) applicants, extracted from archiva records in Washington
D.C. confirms that the heights were not truncated (Figure 3). Thus, the sample can be andyzed as
usua. Nonetheless, it is evident that there are departures from anorma distribution due to rounding
on 70 inches. Hegping on favorite numbersis observed in dmogt dl height samples, even in modern
ones. Thus, dight departures from normality, even in the abosence of height requirementsiis possible,
usudly due to rounding on “ atractive’ numbers. However, such biases tend to have only a margina
effect on results, and can be ignored generaly (Komlos 1999).

Figure 3 about here
11t might be the case, say, that 67 inches has fewer observations than warranted, but the rounding
to 68 and 66 inches would tend to cancel each other. However, there might be some Situations when
rounding does have a Sgnificant impact on the andysis. For ingance, in an Argentinean data set a
large number of the height of recruits were recorded as being exactly equd to the HRi, (Baten and
Sdvatore, 1998). Obvioudy, the height of recruits was rounded up to the HRi, in order to enable
them to enter the military. In order to obtain accurate estimates, the sample had to be truncated one
unit above the HR,. This example illugtrates again the utmost importance of avisud ingpection of
the height distributions, in order to ascertain data anomalies.
12 Hegping might also affect information on age. Ex-daves of the union army, for instance, did not
know their age exactly. Hence, one can observe hegping on certain ages, and the age- by-height
profile cannot be very accurate.
3 Thisis aso the case because the truncation point can coincide with or be to the right of the mean.
¥ A visud ingpection of the distributions suffices in most cases. However, Heintel (1996a, 1998)

devel oped procedures to estimate truncation points, based on the fact that the increase in sample
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density is Steepest at ?, because this point is where the digtribution changes discontinuoudy from a
complete norma digtribution to one with a shortfal (Appendix C). However, this procedure does not
tend to produce superior estimates to visua ingpection.

> Y outh and adult height distributions should aso be ingpected separately. Thisis the case, because
the HRi, were at times not as stringently applied to youth, inasmuch as they were expected to grow
subsequently.

'° Floud, Wachter and Gregory (1990) merged data from the British Army and from the Royd
Marines even though they had different HRs, which aso were enforced with different degrees of
gringency. Additiondly, the Roya Marines had a maximum height requirement. Therefore, their
results fluctuated unreasonably and are inaccurate (see Figures 6 and 7 below) (Komlos, 1993).

7 An adult born in 1740, for instance, was influenced by the nutritional circumstances between
1740-63, while an 18-year-old born in the same year was influenced by those of 1740-1758.

Hence, they do not overlap for the years 1759-63.

'8 In the French example, cited above, the HRyyi, Was lowered to 60 French inches after 1740.

19 For 18™-century samples, one might also consider examining the histograms for different regiments
in order to see if there were some anomdiesin the recruitment procedures used in the field, because
there was till consderable loca autonomy in recruiting.

2 The sample size (n) needed, for a given degree of accuracy, can be calculated from the following

2?%(21, ?Z )"
NE

equation: n ? , Where ? isthe standard devidtion, ? theisdedred leved of

sgnificance, ??sthe power of the test (defined as the probability of correctly rgjecting the null

hypothesis, if it isfase), and X is the difference between two means (Freiman et d, 1978, 58).



Hence, the sample size needed to ascertain a 1 cm difference at a0.05 sgnificance level, for ? 2=

2(68)2(1967 05244)>

0.7, would be: n ? >
1

= 571 observationsin each cell. Admittedly, this sample

szeisoften impracticd in real world Stuations given financiad and archiva condraints, but at least it
gives one asense of the ided sample sizeto Strivefor.

2! The gppropriate time interval (annual, quinquennia, decadal, quarter century, efc.) is determined

by the number of observations available for analys's. The number of observations per interva should

be saveral hundred for robust estimates.

22 Although the occupation of an adult soldier would not have had an effect on his height during his
growing years, this variable has been found to be significant insofar as socid mobility was limited,

and therefore, the soldier’ s occupation can serve as aproxy of hisfamily's socid status during
childhood and adolescence. In some cases, height becomes a determinant of occupation — such as
lumberjacks, for instance. In that case height is no longer a vaid dependent varidble, sinceiit
determines occupation, and not the other way around. In that case lumberjacks might be subsumed
under alarger category, such aslower class blue collar occupations.

23 One has to make sure that the explanatory variables entered into the andysis are legitimate in the
sense that they are variables that could have affected the height of the soldiers prior to adulthood. The
year of recruitment during the American Civil War has been used as an explanatory varigble, dthough it
is not actualy pertinent to the determination of the soldiers height. The height of the soldiers was not
determined by the year of recruitment, in the same sense as the income of the soldier’ s parents was a
determining factor in the height of the soldiers. In contragt, different unobserved recruitment procedures

(or self-sdection) meant that a particular birth cohort was sorted into different recruitment years by
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height. In other words, heights could have determined enlissment year, and not the other way around.
Hence, recruitment year is not a useful right hand side variable in thet case.

2 The discrete histograms can be turned into continuous smooth distributions using a kernd density
estimator (which incorporates a smoothing function), as height is a continuous varigble (see Appendix
C). The continuous distribution so obtained can also be used to estimate 772as well as the mode,
whichinturnisan esimator of ?/, as the mode and the mean are identical in anorma digtribution.
Successive such estimates provide trend estimates of the mean height. The accuracy of the kerndl
dendty estimator of 2 “has not been explored. The method aso does not dlow for estimation of the
effect of covariates on heights (Heintel 1996a, 1998; DiNardo and Tobias 2001).

% |t dso provides estimates of the variance of the height of the population. For the QBE procedure
the observations below the HRy,i, do not have to be discarded.

?® The agorithm estimates the amount of shortfall by minimizing the bending in a quantile-quantile
plot. The method completes the sample in such away that the part of the plot above the truncation
point forms a straight line. Thisline is estimated by means robust regression. If a isthe amount of
shortfal, ? isthe sandard norma didtribution function and F(y) is the empirica ditribution function
of the sample a point y, then the am isto estimate a such thet theline: x ? ? [(1? a)(1? F(y))] is
as sraight as possible. Y e, because we usudly have only a handful of points, the estimation of the
graight line has ardatively large variance, and afew additiond observations can make alarge

differencein the estimate (Komlos, 1989).
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2" If one would like to estimate urban heights distinctly from rural heights, one has to first divide the
sample into urban and rurd provenance before proceeding with the K&K anadysis. One cannot do it
in one step aswith TR or with TOL'S by including adummy variable for urban heights.

% This isthe case, because ??samonoatonic function of 2l kgk. In other words, if 21 xex<? 2kex
then it follows that ?,<?,.

 The truncated regression is essentially the mode presented in Appendix B replacing the overall
mean ? by the individud mean in aparticular category.

% By diminating the sample outsde of the range (7 ,2,) the artificia impact of potentialy different
shortfal patternsin the sub-samples (caused by different truncation points and/or different amounts
of shortfal) isavoided by “equdizing” the bias over the complete sample (Heintel and Baten, 1998,

footnote 17, isaexample of artificid corrdationsif onefailsto equalize the bias). If ?. isthetrue

coefficient vector, i = 1,... n, and ?; the TOLS coefficient vector, then ?, = 2. (?) with0<? <1,
andthebiasisgivenby ?, - 2, =2, (?-1) (Cheung and Goldberger, 1984). Thisimpliesthat the
sgn, and the relative ordering of the ?;*s are unaffected by the bias caused by truncation. Asa
consequence, the coefficients of the time dummy variables indicate the true direction of height trend
over time. Furthermore, as ? isthe same for dl the coefficients, one can infer the ordering of the
covariates, because the values of the coefficients reflect their importance relaive to one another.

3! The coefficient vector is found numericaly by maximizing the likelihood function subject to the
unknown parameters (Chay and Powell, 2001). The TR method can estimate ?, and therefore one

does not have to assume that ? remain constant as one does if one converts ? 1o s iNto? . Thisisa
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disadvantage, however, if 2y, iscloseto, or totheright of ? (A’Hearn, 2004). If that isthe casg, it is
better to condtrain the TR regressonto agiven ?, asin fn. 42.

% The digtribution for 1740-1762 is not reported here (Komlos 2003).

% The recording of height data.began in 1716, and the recruiting system remained in effect until the
revolution. Only between 1740 and 1762 was the ?;,, lowered to 60 F.i.

* However, the data within a particular HR regime can be used for further analysis. For the French
example, the soldiers recruited during the war years 1740- 1762 can be aso andyzed separatdly.
These results could corroborate the findings obtained with the combined data set. In effect, one can
create two samples for analysis. A sample which encompasses the whole period 1716-1786, with an
effective 7, of 62 French inches (F.i.), and another sample for the period 1740-62 with ?,, of 60
F.i.. Usng TOL S soldiers recruited with different HRs should not be conflated, unless the HRs has
been equaized between them. They can be andyzed together usng TOLS only if the largest of the
two ?, isapplied to both of them —in this case 62 F.i.. With TR, however, one can use both 60 and
62 F.i. as the appropriate ?,, by specifying them in the program as the lower limit for the gppropriate
time interva.

% See, for example, the unstable QBE estimates in Floud and Wachter (1982), Floud Wachter and
Gregory (1990), Sandberg and Steckel (1987), Twarog (1997). Heintd, Sandberg & Stecke
(1998) confirm the unrdiability of the QBE procedure.

% The known HR was used in the estimations. 20,000 simulations were run with 10 different
specifications: n= 250, 500; ? % 6.5 cm and unchanged, ?H =1 cmin 9 specificationsand 0.5 cm

In one specification.
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3" None of the methods shows substantial improvements in accuracy with increased sample size
(Table 3).

* |n contragt, the relative accuracy of the TR v.s. the QBE does not change substantialy in this range
of height changes.

¥ Thisis aso the case with the QBE, but not with TR or TOLS.

“* That isto say, if height decreases, then ? Zan aso decrease, and the advantage of the K&K is till
obtained.

“ Assumethat ? = 6.86 cm, the same as for modern populations, and that the effective 2, was not
actualy equa to 62 F.i. (167.81 cm), asindicated by the histograms, but dightly lower, at 61.75 F.i.,
(167.14 cm), because it is plausible to suppose that those recruits who were dightly shorter than the
?m Were probably alowed to dip through by having their height measurement rounded up to the
nearest whole F.i.. (This assumption increases the estimated population means by about 1 cm.) Next
take anorma digtribution with ?= 170 cm and ? =6.86 cm and discard all observations below
167.14 cm. Then calculate the mean of the truncated distribution, to obtain 173.8 cm. Thus, we can

reverse the calculation and assart that if ?/+os=173.8 cm then? =170 cm. In this manner we obtain
aconversion schedule for 2/ oL siconverteq)- This estimator is unbiased, it is the same as the maximum
likelihood estimator, i.e,, it has the property that E( ?! oL s(converted)= 7 - In this manner we obtained

the following schedule (millimeters):

@ TOLS @ TOL S(converted)
1738 1700
1733 1690
1729 1680
1726 1670
1722 1660
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1719 1650

1716 1640
1713 1630
1711 1620
1709 1610
1707 1600

This schedule can be used to obtain (by interpolation) estimates of the height of the French mae
population from which the soldiers were drawn. 1716.2 mm converts gpproximeately to 1640.1 mm

while 1711.8 mm converts to 1623.2 mm. One can aso run alinear regression with 2 o sconverted)
as the dependent variable and ?/ o, s as the independent variable in order to obtain aconversion

formula This procedure can also be used to convert the estimates obtained by the K&K method
into population height estimates.

2 In addition, it esimates ? f the height digtribution (provided that the truncation point is to the left
of the mean), rather than assume it aswith TOLS,

3 For instance, in the French example above, one would discard &l observations smaller than 60
French inches (F.i.) during the period 1740-1762, and those smaller than 62 F.i. for the remainder of
the sample. In this case, we can use two different truncation points.

44 Anthropometric results should be treated cautioudly until corroborated with an independent data
s, or with collatera evidence. After al, the socio-economic composition of the indtitution studied
might have varied over time, even in the absence of explicit changes in the admission criteria. This
might be due both to supply and demand consderations. The willingness of individuasto enter the
military, for ingance, might have varied over time. Smilarly, the Sze of the military might have
expanded sufficiently so that individuas were accepted who would have been rgjected at an earlier

time. In ether case, the underlying population which provided members of the organization might
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have changed over time. This problem is quite intractable. How the supply of, and demand for,
potentia entrants into an inditution fluctuated over time might not be ascertaindble at dl. Y,
anthropometric history is frequently concerned with long-run changes, so that even socia processes
which move a aglacid pace might have an impact on the inditutions in question. It is advisable to
look for other data sets from other types of indtitutions to corroborate or refute the findings.

* guch as insufficient sample size, wrong HRs, not contralling for officers or grenadiers within
infantry units, etc.
“ This very wide margin of error was obtained not only because of the inaccuracy of the QBE

procedure, but also because of the fact that Floud et d. combined samples from different units of the
military with different height requirements before estimating mean heights. This led to a mixture of
norma distributions which further exacerbated the inaccuracy of the QBE program.

" For extremdy rounded data a modification of the bandwidth might be useful (Heintel and Baten,

1998, footnote 6).
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