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C,O:LvIPUTER SIMULATION OF SAMPLE SIZE AND EXPERIMENTAL
DESIGN IN HUMAN PSYCHOGENETICS 1

L. J. EAVES2

Department of Genetics, Univel'sity of Birmingham, England

A method of computer simulation is applied to the investigation of problems con
nected with the genetic analysis of continuously variable behavioral characters in
human populations. The efficiency with which various components of genetic and
environmental variation can be detected is related to sample size. It is found that
a convincing partition of the genetic variance into its additive and nonadditive
components requires much larger samples than those frequently employed in human
psychogenetics.

Jinks and Fulker (1970) have shown how
the techniques of biometrical genetics may be
used to estimate the various components of
genetic and environmental variation for human
behavioral phenotypes. They suggested many
experimental designs that enable these COln
ponents to be estimated, and the possibilities
have been illustrated by the reanalysis of
published data. The need was stressed for the
least squares estimation of variance compon
ents to permit tests of significance of the esti
mates, and a statistical test of the goodness of
fi t of the genetical model assumed.

Two studies (Eaves, 1969, 1970) have in
vestigated the relative efficiency of selected
experimental designs for genetic analysis.
Three minimal sets of data were compared
(Eaves, 1969) that satisfied the requirements
of Jinks and Fulker (1970). In the first study,
the designs were considered with regard to
their ability to separate additive and dominant
genetic variation, and, in the second study,
two of the sets were discussed in more detail
to compare the efficiency with which herit
ability might be estinlated and the two prin
cipal sources of environmental variation dis
tinguished. The three sets were as follows:
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Set 1: monozygotic twins reared together
(MZT ) , monozygotic twins reared apart (]vIZA),

and full siblings reared together (ST);
Set 2: monozygotic twins reared together,

full siblings reared apart (S A), and full siblings
reared together;

Set 3: monozygotic twins reared together,
full siblings reared apart, and half siblings
reared together (liST).

All three sets can provide· six second-degree
statistics from the within- and between-pairs
analyses of variance for each of the three
groups of relatives comprising a particular set.
The six statistics enable the least squares
estimation of the four main components of a
simple genetical lTIodel: the additive genetic
component (DR), the nonadditive (dominance)
genetic component (RR), the within-families
environmental component (E l ), and the be
tween-families environmental component (E2).

The notation is derived from Nlather (1949).
Set 3 was not discussed in detail because of
the likely disparity between environments for
siblings and half-siblings and is not considered
further here.

Both the earlier investigations were con
cerned with the relative efficiencies of the dif
ferentsets of data for the estimation of various
meaningful conlbinations of the four param
eters of the basic lTIodel. It was shown that the
efficiency of an experiment for a selected cri
terion was dependent on the relative propor
tions of the three groups of differently related
pairs comprising a given Ininimal set. Since
the aim of these studies was the comparison
of the designs on an equal basis,a constant
experimental size was assumed in near!y every
case, and no attempt was made to relate the
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conclusions to any absolute experimental size
that might be required for the detection of a
given effect. It is essential before extensive and
expensive data collection is undertaken that
the knowledge gained from previous studies be
rellated to the absolute experimental sizes
necessary to detect particular genetic and en
vironlnental influences. An attempt was made
to satisfy this end by con1puter simulation of
the least squares analysi3 of "data" con
structed for samples of differing size and com
position from hypothetical populations of
known genetic composition and subject to
known degrees of environmental influence.

THEORY

The application of the method of least
squares to the estimation of components of
variation is discussed by Hayman (1960) and
NeIder (1960). A brief summary follows:

If x is a vector of independent statistics
derived by smnpling a population, 0 a vector
of predictor variables, the linear model for
the prediction of x in terms of 0 may be written
x= A6+e, where A is the matrix of the coef
ficients of (} in the expectations of x, and the
elements of e are independent and N[O,O" e2J,
that is, normally distributed with mean 0 and
variance (j 13

2• The elements of A depend solely
on the structure of the model assumed, and in
the specific cases to be discussed, A will con
sist of the coefficients of DR, H R , E l , and E 2 in
the expectations of the mean squares on which
the analysis is based. The expectations are
fully tabulated by Eaves (1969). For a given
set of statistics, for the assumed Inodel A,
least squares estimates of 0 may be readily
calculated. When the observed statistics are
variances and not known with equal precision,
it is appropriate to weight each second-degree
statistic by the amount of information cor
responding to it. For a given variance x, based
on n degrees of freedom, the amount of in
formation about x may be estimated from
w =n/2x2• If the values of w for the observed
statistics are written as the diagonal Inatrix
W, the rnaximum likelihood estimates of 6,
denoted by 0may be obtained from

0= (A'wA)-I(A'wx).

Each diagonal element of (A'wA)-l is the
variance 6f the corresponding IJ, and the off-

diagonal elements are the covariances of the
estin1ates. The null hypothesis that each (j
is zero may be tested by the normal deviate
thus:

where

The adequacy of the model may be assessed
by calculating the sum of weighted squared
deviations of the observed statistics from their
values predicted by fitting the Inodel to the
data. This is distributed as chi-square for
p-r degrees of freedom, where p is the number
of observed statistics, and r is the nUll,ber
parameters fitted to the data. Thus,

X2(p_r) = (x - AO)'w(x - AO).

The foregoing argument assumes that the ob
served statistics are normally distributed. An
observed variance may be represented as a
constant multiple of a variable that follows
the chi-square distribution. Thus, the observed
statistics will be approximately normal, pro
vided the degrees of freedom are large enough
for the chi-square distribution to be approxi
mated by the normal distribution. The con
vergence of the chi-square to the norn1al dis
tribution with increasing degrees of freedom
is slow (Kendall & Stuart, 1963). As far as
possible, therefore, the subsequent discussion
avoids specific allusion to the significance of
estimates derived from statistics based on few
degrees of freedom. No sample sizes are
quoted for tests of significance that would
result from analyses based on fewer than 100
pairs of individuals in the total sample.
Samples as slnall as this will in any event be
shown to be too small for Inost practical
purposes. If the parameters of the model have
the true values 6 and, for a hypothetical sam
ple, 9 = 6, the chi-square test of goodness of fit
will be zero since the" observed" statistics £rOIn
which 6 is estimated will be identical to their
expected values obtained by fitting the model.
For a given parameter, the expected value of
the ratio IJ/O"{j will be g = fJ/ <Te. Fora given
saInple size, the values of g will depend on the
true values of the fOUf parameters, 6, and
related to these values by the coefficients, A,
of 6 in the expectations of the observed statis-
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tics, through the Inaximum likelihood equa
tions given above.

For a given experilnental design, for a
population with constant values for 6, and for
samples in which the ratio of the degrees of
freedom for all the statistics is constant, the
value of g for any pararneter will be a linear
function of the square root of the total salnple
size. Thus the value of g for a sample of size
I?, denoted gk, Inay be calculated for a given
parameter, and the corresponding value gm
for sample size m maybe calculated by sub-
stitution in the equation: t, '----=-1·I ..'1 lt' . ~l ~

---."t..oIA",,/'~· J ~ '\l t

gm= ~(m/l?)gk' [lJ

This method of extrapolation is illustrated
later and applied to the determination of
salnple sizes necessary to detect the given
parameters at the desired level.

It is required for a given 0> 0 that the
sample size be such that the null hypothesis e
is not greater than zero will be rejected at the
5% level in 95% of possible samples. Other
values for the power of the test might be
selected if desired. For any real genetical situa
tion, the genetic parameters are expected to be
zero or positive, so that any large negative
values will be attributable to chance or failure
of the model. The test appropriate, therefore,
is a one-tailed c test of the null hypothesis
that fJ/o- o is not greater than zero.

Writing 0- for 0-0, and g for 0/0-, the power of
the test is the probability that fJ > 1.650-,
given that 0 > O. Hence, the power of the
test is the area under the curve for a variable
fJ which is N[0,0-2] corresponding to values of
() > 1.650-. If c = (0 - 0)/0-, so that c is
N[O,lJ, when fJ = 1.650-, C = 1.65 - g. Thus
the power of the test is the area under the
curve for a variable c which is N[O, 1] for
values of c exceeding 1.65 - g. It is required
that this area be .95. From the standard pro
pertiesof the normal distribution, it is known
that values of c greater than - 1.65 must be
taken for the required area to be .95. Hence,
for the power of the test to be .95, it is necessary
that 1.65 - g = - 1.65 or g = 3.30.

Starting with a set of parameters of known
values with a hypothesized model A, values
Inay be calculated for x. For an arbitrary
sample size, k, the ~ corresponding values of
gk may be calculated providing the relative

contributions of the different groups of in
dividuals are assigned so that the degrees of
freedom for the statistics can take definite
values. Substitution of gk and !(, in Equation 1
above enables the sample size m to be cal
culated, which would give a value of 3.3 for
gm. Should more rigorous criteria be desired
the value of gm may be set correspondingly
higher.

METHOD

Simulation experiments were conducted to
discover the sample size necessary to obtain
estimates of DR, HR, E l , E 2, and the broad
heritability hb

2, which are significant at a
desired level in a given proportion of samples.
The broad heritability is the proportion of the
total variation due to genetic causes, and may
be estimated from (Mather, 1949):

hb2 = (!DR+ iHR)/
(~DR + iRR + E 1 E 2).

Two of the three Ininimal sets of data given
above were investigated. These were Set 1:
MZT, l\,fZA, and ST; and Set 2: MZT, SA, and
ST. Hypothetical values for the four parmneters
were calculated on the assumption that
(~DR + iRR + E 1 E z) = 1, and = E 2•

The generation of the "data" and their sub
sequent analysis followed the method described
and illustrated in an earlier study (Eaves,
1969) on the assulnption of a random-clnating
population. The relative sizes of DR and HR

were adjusted to give values of hb2 from .1 to .9
by intervals of .1 for each of three values of
~(HR/DR), namely, .1, .5, and 1.0. The for
mula -Y(RR/DR) is an indication of the relative
importance of dominant gene action in the
determination of variation. If the gene fre
quencies are equal at all loci involved in the
expression of a trait, -Y(RR/DR) is an estimate
of the dominance ratio (Mather, 1949). On the
basis of the studies reported earlier (Eaves
1969, 1970), the relative proportions of the
groups comprising each minimal set of data
were fixed so that the efficiency of the estima
tion was maximized as far as possible. It was
decided that the proportion of the pairs in
each group comprising Set 1 should be fixed
at .3 MZT, .3 MZA, and .4 ST. This involved
the sacrifice of some efficiency with regard to
the estimation of broad heritability (hb 2), but
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the equal proportions of MZT and MZA tend
to optimize the estimation of E 1 and E 2,

while the reasonably high proportion of S'l'
will help to reduce the correlation between
DR and H R , thus maxiluizing the efficiency of
tHe interpretation of gene action for a given
trait. The proportions for Set 2 were fixed at
.15 MZT, .55 SA, and .30 ST. The previous
studies suggest that these proportions provide
the greatest all-round efficiency for this ex
perimental design. Since two minilual sets of
data were considered, for each combination of
nine levels of broad heritability and three
levels of dominance, a total of 54 different ex
perimental situations were investigated.

The 'weighted least squares analyses were
conducted on the sets of hypothetical statistics
and the variance-covariance matrix of the
estimates of DR, H R, E 1, and E 2 was obtained
from (A'wA)-l as outlined above. The method
of the computation is illustrated for an experi
ment of unit size by Eaves (1969). The weights
enlployed in these simulations were those ap
propriate for an experiment based on k = 6,400
pairs, divided according to the proportions
designated for each set in turn. Thus for
Set 1, with a proportion of .3 MZT , it was
assumed that there were 6400 X .3 = 1920
pairs of NIZT , so that the between-pairs mean
square was based on 1,919 degrees of freedom,
and the within-pairs mean square was based
on 1,920 degrees of freedom. The degrees of
freedom for the other statistics were calculated
similarly. The choice of 6,400 pairs as the
initial sample size is a matter of convenience.
This saIuple size provides, in most cases,
values of gk which are large enough to reduce
rounding errors in extrapolation to larger or
smaller samples. The fact that the nUluber has
a simple square root further siluplifies the
extrapolation procedure.

In the previous studies, the computations
were terminated with the calculation of the
variance-covariance matrix since the relative
efficiencies of the designs were evaluated on the
basis of the elements of this matrix. In this
study, however, a further check on computa
tion was provided by postmultiplying the
(A'wA)-l matrix by the vector (A'wx) to
reestimate the elements of 6. Since there was
no experilnental error introduced into the
sampling of this hypothetical population, the

estimated parameters agreed exactly with
those employed to generate the statistics.
Each estimate was divided by its standard
error to give the mean value of g which could
be expected for a sample of 6,400 pairs from
a population which had the genetic properties
and was subject to the relative environmental
influences assullled in generating the data.
The standard error of h,} was calculated as the
square root of its variance. An expression for
the variance of hb

2 is given by Eaves (1970).
The luean value of g for the broad heritability
could thus be calculated by dividing the esti
mate of h.b

2 by its standard error. The sample
sizes necessary to provide a value of gm = 3.30
were calculated by linear extrapolation using
Equation 1 above.

The necessary weighted least squares siIuula
tions were conducted on the I(DF-9 computer
at the University of Birmingham, and the
necessary sample sizes were calculated on a
desk :machine.

RESULTS AND DISCUSSION

Tables 1 and 2 give the values of gk for
minimal data Sets 1 and 2, respectively. These
values are calculated for an overall sample of
6,400 pairs divided in the proportions fixed
above and represent the expected values of
the given genetic and environmental parame
ters divided by their corresponding standard
errors for samples of this size. Comparison of
the values obtained for the two sets confirms
the general conclusions of the earlier studies.
Set 1 enables more efficient detection of the
two environmental effects and the broad
heritability, whereas Set 2 allows more efficient
detection and separation of additive and non
additive genetic variation. The comparably
sluall values of gk for H R in both sets of data
are renlarkable and disturbing. They suggest
that the detection of dominance even in large
experiments of this kind is a difficult matter.
If positive assortative mating makes a sig
nificant contribution to variation for a par
ticular phenotype, the between-families genetic
variance would be inflated relative to that
within families, thus reducing still further the
efficiency with which dominance could be
detected.

Tables 3 and 4 give the number of pairs
necessary for Sets 1 and 2, respectively, to
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TABLE 1

EXPECTED VALUES OF 81u{J FOR ESTIMATES OF BROAD

HERITABILITY AND THE FOUR MAIN COMPONENTS

OF GENETIC AND ENVIRONMENTAL VARIATION

BASED ON THE FIRST MINIMAL

SET OF DATA
t

Level
Expected value of

for test of:
of hb2

domi~

nancell.
DR HR El E2 hb2

.1 .1 .98 .00 31.90 16.14 4.44
.3 3.22 .02 31.49 15.01 14.85
.,j 6.13 .04 31.22 14.35 31.43
.7 9.88 .06 31.06 14.01 68.70
.9 13.96 .08 30.99 13.87 254.02

.5 .1· .87 .12 31.90 16.14 4.44
.3 2.86 .41 31.49 15.01. 14.85
.5 5.43 .78 31.22 14.35 31.43
,,7 8.73 1.23 31.06 1.4.01 68.73
.9 12.28 1.71 30.99 13.87 254.17

1.0 .1 .64 .37 31.90 16.14 4.44
.3 2..14 1.17 31.49 15.01 14.85
.5 4.02 2.29 31.22 14.35 31.44
.7 6.40 3.56 31.06 14.01 68.79
.9 8.93 4.86 30.99 13.87 254.60

Note.-An overall sample size of 6,400 pairs was assumed,
divided proportionately into .3 MZT, .3 MZA, and .4 ST.

:Ill Level of dominance defined as -.J (HR/DR).

.30 ST. Nlultiplying the salnple size of 983
pairs by these proportions yields the actual
number of pairs of each group required to ob
tain significant estimates of DR in 95% of
samples of this size. These are 147 pairs of
MZT, 541 pairs of SA, and 295 pairs of ST. For
a given level of significance, the numerator of
Equation 2 is constant and can be used for all
determinations of sample size.

It is necessary to exercise some caution when
comparing the significance levels and sample
sizes for genetic parameters from simulations
assuming the same broad heritability and dif
ferent levels of dominance. It must be re
luembered that in the generation of the "data"
the broad heritability was held constant, and
not the proportion of variance accounted for
either by DR or HR. The latter, which is a
function of the broad heritability and the ratio
~(HR/DR), may be calculated ~asily knowing
these two parameters. The tabulated values,
therefore, allow the two designs to be compared
strictly, but do not permit statements about
the effect on the significance of either DR or
HR of changes in other parameters, since in no

TABLE 2

n = (31..35)2

= 983 pairs.

It will be recalled that this sample 'would
'consist of proportions of .15 MZT, .55 SA, and

yield a value of g of 3.3 for the given parmueters
for selected proportions of genetic and en
vironmental variance. The calculation of the
entries of this table is best illustrated by a
specific example. Consider data Set 2 when the
broad heritability is .5 and the degree of dOlnin
ance is .5. To determine the experinlental size
required to detect additive genetic variation
(DR) at the 5% level in 95% of the possible
samples, the corresponding value of glc for a
sample of 6,400 pairs is read from Table 2.
This value is 8.42. Substituting in Equation 1
above, letting the unknown necessary experi
nlental size be n:

when

3.30 = -~(n/6L100) X 8.42
~;; = (3.30 X 80)/8.42

= 264/8.42
= 31.35

[2J

EXPECTED VALUES OF BlUIJ FOR ESTIMATES OF BROAD

l-IERITABlLITY AND THE FOUR MAIN COMPONENTS

OF GENETIC AND ENVIRONMENTAL VARIATION

BASED ON THE SECOND MINIMAL

SET OF DATA

Expected value of

Level of
for test of:

dominance" hb2

DR HIt El Ez hb2

.:1 .1 1.77 .01 22.69 18.35 3.32
.3 5.47 .02 22.34 14.98 10.98
.5 9.46 .05 22.11 11.29 20.40
.7 13.71 .07 21.97 7.18 31.97
.9 18.41 .11 21.92 2.54 45.47

.5 .1 1.58 .18 22.69 18.30 3.32
.3 4.88 .61 22.34 14.85 10.92
.5 8.42 1..11 22.11 11.11 20.15
.7 12.20 1.69 21.97 6.99 31.24
.9 16.09 2.28 21.92 2.63 43.93

1.0 .1 1.18 .55 22.69 18.21 3.31
.3 3.65 1.80 22.34 14.60 10.80
.5 6.30 3.26 22.11 10.75 19.65
.7 9.07 4.91 21.97 6.65 29.86
.9 11.98 6.62 21.92 2.80 40.84

Note.-An overall sample size of 6,400 pairs was assumed,
divided proportionately into .15 MZT, .55 SA, and .30 ST.

a Level of dominance defined as -V (HR/DR).
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case is the value of DR or Hi held constant.
It can be seen that where a parameter is held
constant for different comparisons within a
design, for example hb2 for different levels of
"'(HR/DR), the significance of that parameter
,Jaries little.

The surprising consistency of the significance
of E 1 over the whole range of heritability re
quires con1ment. This consistency results from
the fact that the within-pair variance ofMZT

is a direct estimate of E 1, and this statistic
will receive a large weight in the analysis,
contributing most of the information about
E 1• If it may be assumed that E 1 is estimated
solely from this statistic, then it may be shown
that the value of g for E 1 is constant for all
values of E 1 ,and depends on the sample size
alone. Writing E 1 for the within-pair variance
of IVIZT , and n for its degrees of freedom, the
variance of E 1 is 2E12/n, so its standard error
IS X ~2/~;;.

TABLE 3

NUMBER OF PAIRS NEEDED FOR THE FIRST MINIMAL

DATA SET TO OBTAIN VALUES OF THE FIVE

PARAMETERS TABULATED WHICH ARE

SIGNIFICANT AT THE 5% LEVEL

IN 95% OF ALL POSSIBLE

SAMPLES OF THE

GIVEN SIZE

TABLE 4

NUMBERS OF PAIRS NEEDED FOR THE SECOND MINIMAL

DATA SET TO OBTAIN VALUES OF THE FIVE

PARAMETERS TABULATED WHICH ARE

SIGNIFICANT AT THE 5% LEVEL

IN 95% OF ALL POSSIBLE

SAMPLES OF ·THE

GIVEN SIZE

Expected number of pairs
Level of I required to estimate:

domi- hb2

nance
DR HR El E2 h 02

--
.1 .1 22,246 500 X 106 135 207 6,322

.3 2,329 150 X 106 139 310 578

.5 778 28 X 106 143 547 167
I .7 371 14 X 106 144 1,351 100

.9 206 5.8 X 106 145 10,801 100

.5 .1 27,916 2.2 X 106 135 208 6,322
.3 2,926 187,300 139 316 584
.5 983 56,563 143 565 172
.7 468 24,402 144 1,426 100
.9 269 13,405 145 10,076 100

1.0 .1 50,051 230,400 135 210 6,360
.3 5,230 21,509 139 327 I 595
.5 1,756 6,558 143 603 180
.7 847 2,890 144 1,575 100
.9 485

1

1,590 145 8,889 100

N ote.-The values are only approximate, especially for
samples bigger than 106 pairs. Because the distribution of the
observed statistics is not normal for small samples, exact
numbers are not given for a total experimental size of less than
100 pairs.

g = ~960/-V2
= 30.98/1.41

= 21.91,

a value which agrees very closely with those
given in Table 2 for the mean significance level
of E 1, confirming that the other statistics pro
vide little information about this parameter.

That is, the significance level of E l , denoted
by g, is independent of E 1. For Set 2 it was
decided that a sample of 6,400 pairs should
contain 6400 X .15 = 960 pairs of MZT , so
the degrees of freedom of E l will be 960.
Substituting this value for n in Equation 3
gives the value of g for E 1 on the assumption
that this is estimated from the within-pair
variance of MZT alone. Thus,

Total number of pairs

of
required to estimate:

rlr.n1inClhrp h02

DR HR El E2 h 02

.1 .1 72,566 500 X 106 100 267 3,534
.3 6,721 174 X 106 100 309 316
.5 1,854 44 X 106 100 338 100
.7 714 19 X 106 100 355 100
.9 358 11 X 106 100 362 100

1-

.5 .1 92,075 48 X 106 100 267 3,534
.3 8,519 414,600 100 309 316
.5 2,363 114,555 100 338 100
.7 914 46,066 100 355 100
.9 462 23,833 100 362 100

1-

1.0 .1 170,156 509,100 100 267 3,534
.3 15,218 50,913 100 309 316
.5 4,313 13,289 100 338 100
.7 1,702 5,498 100 355 100
.9 874 2,951 100 362 100

Not-e.-The values are only approximate, especially for
samples bigger than 106 pairs. Because the distribution of the
observed statistics is not normal for small samples, exact
numbers are not given for a total experimental size of less than
100 pairs.

Dividing E l by its standard error gives

g = E1 X -.J;;:/El -.J"2
= -~;;/~2.

[3J
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TABLE 5

COMPARISON OF VALUES FOR THE NORMAL DEVIATE

(C) FOR DR, HR, E l , AND Ez FROM THE ANALYSIS

O:F REAL DATAl" WITH THE VALUES OF 8/ff()
PREDICTED FROM THE SIMULATION STUDIES

I

Param- Predicted Differ- Proba-
eter value for ence bilityej(J"()

DR 1.116 . 4.98 4.19 .79 .4
HR .627 2.45 2.32 .13 .9
E1 .07 7.00 7.67 .67 .5
Ez .06 2.00 0.98 1.02 .3

"The data are those of Burt (1966), reanalyzed by Jinks and
Fulker (1970). The observed broad heritability is .86, and the
ratio vi (HRjDa) is approximately. 75, for a sample of 826 pairs.
The predicted values of c are calculated for a sample of 800
pairs, divided according to data Set 2, when the broad herita-
bility is .9 arid the ratio is 1.0.

The discussion has been restricted so far to
the consideration of the smnple sizes required
to permit reliable detection of the parameters
concerned. This is clearly only preliminary to
the much more exacting task of estimation
for which even larger samples 111ay be required
to provide estimates of parameters for which
the' confidence limits are sufficiently narrow.
A simple example will suffice to illustrate this
difficulty. Consider a trait for which the broad
heritability is .5. For the 95% confidence
limits of hb

2 to be .5±.1, it is required that
2(]' = .1, that (]' = .05, and consequently that
e/ (j = g = 10.0. To obtain a value of g of
10.0, it is required that

~; = (10 X 80)/gk
= 800/gk

(see Equation 2 above), where gk is the cor
responding expected value of e/ (J for a sanlple
of 6,400 pairs. Employing the tabulated
values for gk gives, for Set 1, n = (800/31.43)2
= 648 pairs; and for Set 2, n = (800/20.40)2
= 1538 pairs. These are substantially larger
samples than those required for the mere
detection of heritable variation (see Tables
3 and 4).

In order to validate the conclusion of these
simulations, it is desirable to compare the
results of the study with those obtained from
the analysis of real data. No direct comparison
is possible because published analyses of
quantitative behavioral data are based on data
corresponding neither to Set 1 nor Set 2. One
set of data, however, provides a large enough
sample of sufficient groups of relatives to

permit the least squares estimation of the four
main components of variation. This is the
study of Burt (1966) on the inheritance of
intelligence. The total sample of 826 pairs used
in Burt's study was composed of 95 pairs of
JYIZT , 53 pairs of MZA, 127 pairs of dizygotic
twins reared together, 264 pairs of ST, 1
pairs of SA, and 136 pairs of unrelated in
dividuals reared together.

The necessary reanalysis of this data, using
the method of weighted least squares, has been
conducted by Jinks and Fulker (1970). They
found that the basic four-parameter model
was the simplest that would adequately fi.t
the data. The estimates they obtained for the
four parameters are reproduced in Table 5.
When allowance was made for assortative
Inating, the broad heritability was estimated
as .86, and the donlinance ratio, approximated
by ~(HR/DR), is about .75.

The design of this experiment is not exactly
the same as either of the two sets considered
in this study, but it is unlikely that its efficiency
is markedly different. The inclusion of SA
would tend to improve the efficiency with
which DR and H R are estimated, relative to
that anticipated from an experiment designed
according to Set 1, while the inclusion of MZA
will ensure that the estimation of will be
more efficient than would be the case from
Set 2. Thus Burt's experiment probably in
corporates the advantages of both Sets 1 and
2 and would be more eHicient than either. For
the purpose of the subsequent discussion, it is
supposed that the efficiency of this experinlent
is close to that of Set 2. It is possible to cal
culate, using the values of Table 2, the ex
pected values of g for a sample of this size, with
the observed values of heritability and domin,
ance. The additional criterion of the simula ..,
tions, that E 1 and E 2 are equal, is fortuitousl:
met by this body of data (see Table 5). The
closest simulated approximation to this study
is the case where hb

2 is .9 and the dOlninance
ratio is 1.0. The values of g, on the basis of
these assumptions, are given in Table 5 for a
sample of 800 pairs. Assuming that g is lV[g, 1],
where g is the calculated expected value of g,
it is possible to test the null hypothesis that
the observed values of c, considered separately,
do not differ from the values of g calculated
by the nlethod of simulation. Table 5 gives
the deviation of the observed values of c
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from the values of g, and the probability that
deviations as large as, or larger than, those
observed would occur by chance. The good
agreement between observed and expected
confirms that the simulation method provides
a / good approximation to the experimental
situation.

The nucleus of psychogenetic studies has
been supplied by classical twin studies,
although conclusions are often based on
samples of fewer than 100 pairs. Such are
probably adequate to estimate the within
family environmental variance from the MZT

and to provide a test of the significance of
within-family genetic influences (Vandenberg,
1962). There is, however, little further informa
tion about gene action to be derived from.
studies based solely on twin data (Jinks &
Fulker, 1970), so the desirability of larger twin
studies of the classical kind is questionable,
except for the information they could provide
about genotype-environment interaction (Jinks
& Fulker, 1970).

The two designs discussed in this study, and
the many possible extensions of these (Cattell,
1960; Jinks & Fulker, 1970), allow further
genetic information to be obtained. The
simulations performed assuming these more
complex designs, however, indicate that reliable
results with regard to gene action are possible
only with much larger samples than those
hitherto employed. Indeed, although the
detection of dominant gene action is theoretic
ally possible with these alternative designs,
the necessary san1ple sizes are virtually
prohibitive. Inbreeding studies for the detec
tion of directional dominance have been used
(Barrai, Cavalli-·Sforza, & Mainardi, 1964;
Jinks & Fulker, 1970) and should be further
investigated, though these provide no informa
tion about am bidirectional dom.inance. How-
ever, it is possible to estim.ate the alnount of
additive genetic variation from the covariance
of offspring and parent. The expectation for
this statistic in terms of the genetical model is
iDR (Mather, 1949), although this is likely to
give an inflated estimate of the additive varia
tion on account of the environlnental influence
of parent on ofIspring. If the parent-offspring
covariance is free from environmental bias,
then the inclusion of this statistic in the
analysis would certainly lead to a marked re
duction in the correlation between estimates

of DR and I-IR and consequently increase
efficiency "\lv-ith which these two parameters.
nlay be estimated and separated.

The variance of the means of groups of
distant relatives, for example, between groups
of cousins, is also free from dOl1linance varia
tion. Where extensive pedigree data are
available, it is conceivable that these com
ponents might be estimated directly from a
hierarchical analysis of variance. The weak
nesses of this approach to the estimation of
additive genetic variance are as follows:

1. The coefficients of DR in the expectations.
of the variance components becom.e smaller
as the relationship becomes luore remote.
H.elnote relationships will thus contribute
little additional information to the estimation
of DR. This effect will be n1ade In.ore obvious
Since:

2. The estimates of cOluponents derived
fron1 the means of the groups of ill.ore distant
relatives will be based on very few degrees of
freedorrl and will thus receive little weight
in the least squares analysis.

3. If certain parts of the pedigree are sub
jected to systematic environmental differences.
due, for example, to 111igration to different
localities with different cultural norms, this.
will inflate the variance cOlnponents. On the
other hand, if a pedigree has been subjected
to a common cultural effect, it is likely that
the difference between groups within the
pedigree would be underestimated. It is pos
sible that this consideration might form the
basis for the detection of cuI tural influences.
on the formation of behavior (Fisher, 1930)

It should now be clear that the detailed
analysis of a single trait requires much larger
samples than those originally conceived in
many earlier experin1ents in human psy
chogenetics. \Vith regard to the estimation of
nature-nature ratios by them.ultiple abstract
variance analysis (lVIAVA) D1ethod, Cattell
(1963) suggested that 250 pairs would make
"the confidence lilnits narrow to an acceptable
range." No indication is given about how
stringent the require111ents of acceptability
are, nor the degree of genetic determination
that might be predictably detected by this
method. It can be seen now that 250 pairs
would not allow the detection of genetic
variation with any confidence when the broad
heritability is less than .5. An overall sample
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size of 2,500 pairs is suggested as adequate for
the complete solution of the MAVA model
(Cattell, 1963). The conclusions of this study
indicate that a sample of this size would permit
considerably confident estimation of the
brocid heritability, the amount of additive
genetic variance, and the two environmental
components, except when these effects are
small. I twould still be inadequate, however,
for the detection of nonadditive genetic varia
tion, except when the effect is substantial.
Moreover, it should be remembered that these
conclusions appertain only to an experilnent
that is designed to be as near as possible
optimal with respect to the proportions of the
populations measured. Thus, for a sample of
2,500 pairs, either the measurement of 750
pairs of both MZT and MZAand 1,000 pairs of
ST, or 375 pairs of JYIZ T , 1,375 pairs of SA, and
750 pairs of ST, would be involved. Such is, in
any event, a considerable undertaking.

A comparable need for large studies is
emerging in another field, that is, with regard
to the application of multivariate procedures
to the elucidation of genetic hypotheses. A
multivariate extension of the classical twin
study has already been e:mployed (Bock &
Vandenberg, 1968; Vandenberg, 1965), and
large samples are seen as essential in order that
stable factor structure may be located and
suitable comparisons conducted. An effective
fusion between the detail of the biolnetrical
genetical approach and the breadth of the
:multivariate approach is still far from being
realized. It is evident, however, that both will
require more time and effort if samples are
large enough for a convincing genetic analysis
of human behavior.

SUMMARY

A Inethod of computer simulation for the
investigation of factors affecting experilnental
design in the area of human psychogenetics
has been further developed to study the effects
of sample size on the detection and estimation
of broad heritability and four possible com
ponents of genetic and environmental varia
tion for quantitative characters in human
populations.

The results of earlier simulation studies are
confirmed, and it is shown that sample sizes
need to be lnnch larger than those generally

elnployed if it is desired to go beyond the Inere
dem.onstration that variation has a heritable
cOlnponent. The results of this simulation study
are shown to agree favorably with the con-
elusions of a reanalysis of published data. It is
noted that possible ilnprovements or alterna
tives to the designs discussed are not free £1'0111

limitations.
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