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Abstract 

A simulation approach was used to determine the effects of multitrait selection on the 

correlations of sire direct and maternal predicted breeding values across environments. 

True and predicted direct and maternal breeding values (BV) of sires were simulated for 

sires evaluated independently in two different environments. Prediction error variances 

and covariances among direct and maternal BV within environments were required for the 

simulation. To obtain the necessary input parameters, a variety of MME coefficient 

matrices were created and inverted to inspect relationship among accuracies and 

correlations of prediction errors in sire evaluation models. An empirical prediction 

equation to predict the necessary prediction error covariances was obtained. Divergent, 

directional and random multitrait selection was then practiced using direct and maternal 

predicted BV as selection criteria. Samples of 40 sires were randomly obtained from each 

selected population. Observed correlations between direct and maternal predicted BV 

across environments were compared to expectations derived from univariate distribution 

theory. Selection definitely affected the expectations. However, the adjustment developed 

from univariate theory appeared to accommodate the effect of selection in these 

expectations.



An experimental approach was taken in order to determine existence of genotype by 

production system (G x P) in the maternal component of weaning weight. A sample of 43 

Polled Hereford sires was chosen from the American Polled Hereford Association 

(APHA) sire summary by practicing divergent selection on yearling weight (YW) and total 

maternal expected progeny differences (EPD). Those Polled Hereford sires were mated to 

Angus cows to yield first generation calves. Females were kept and used to study the 

maternal performance. A positive association of Polled Hereford sires' net maternal 

(MILK) and WW EPD with the maternal performance of their daughters and growth of 

their grandprogeny was observed. Additional sire residuals were also detected after fitting 

EPD in the model. Polled Hereford sire EPDs were calculated using only experimental 

data with a model that included effect of genetic groups and sires. Expected values of 

correlations between APHA and experimental EPDs seemed to be affected by covariance 

generated during the estimation of predicted BV under the genetic groups model. 

Selection did not have any impact on the variances among predicted BV relative to those 

expected in an unselected population, therefore no adjustment of expected correlations 

were performed. G x P did not appear to affect weaning weight but may have an impact 

on the net maternal trait. 

One hundred sixteen daughters of the selected sires were milked with milking machines. 

A positive relationship between sire MILK EPD and daughters’ actual milk production 

was found. Correlation between milk production and sires MILK EPD was .26, 

correlation between calf weaning weight and dam milk production was .64 and correlation 

between calf weaning weights and sire MILK EPD was .20.
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INTRODUCTION 

Expansion of beef cattle populations over a wide range of environments has created the 

need to consider the effect of environmental conditions on the expression of production 

characters of economic interest. The genetic basis of animal performance may vary from 

environment to environment (Falconer, 1952), and genetic improvement programs 

involving a wide diversity of environments ought to consider the effectiveness of selection 

when animals are evaluated under one set of environmental conditions, but when the 

future performance of those animals or their progeny will be measured in a different 

environment. The existence and magnitude of possible genotype by environment (G x E) 

interactions must first be established before designing programs to accommodate G x E 

interactions. 

The movement of animals from environment to environment usually also involves to 

accommodate selection. Increasingly, such selection is based on predicted breeding 

values, and normally involves a number of traits of economic interest. Thus, the study of 

Gx E interaction must recognize the selected nature of the animals providing data. 

To assess the existence of G x E interaction, both experimental and field data may be and 

have been used (e.g. Tilsh et al., 1989; Mahrt et al., 1990; Notter and Cundiff, 1991; 

Bertrand et al., 1987; Notter et al., 1992). The correlations of predicted breeding values 

for the same animal evaluated in pairs of environments have been utilized to assess the 

genetic correlations involving animal performances across environments (Tilsh et al., 

1989; Mahrt et al., 1990; Swan, 1992). Proper interpretation of results from such studies 

requires knowledge of the expectations of these correlations (Calo et at., 1973; Blanchard



et al., 1983; Notter and Diaz, 1992) and/or of the applicability of the assumptions 

required to use the methodology (Taylor, 1983; Notter and Diaz, 1992). Proper 

experimental designs can allow accommodation of the experimental conditions to the 

assumptions. Notter and Diaz (1992) determined the effect of different selection strategies 

on the expectations of correlations of predicted breeding values across environments. The 

selection was assumed to be imposed on a single trait and the sires evaluations were 

assumed to come from single trait analyses. However, more realistic situations would 

encompass multitrait model evaluations and selection for multiple traits. 

Weaning weight is a trait of particular economic interest. It is the expression of two 

characters, the direct effect of genes for growth of the calf and the effect of genes for 

maternal ability of the dam. Most National Cattle Evaluations (NCE) in beef cattle include 

evaluation of sires for both characters, growth and maternal ability. The predictions of BV 

for direct and maternal effect generally are predicted simultaneously (Benyshek et al., 

1988). 

Populations of domestic animals usually present a hierarchical structure (Vu Thien Kang, 

1983) with three basic layers: nucleus, multiplier and commercial. In most of the domestic 

populations, the genetic situation will depend upon a number of herds (nucleus breeders) 

from which the flow of genes is established. While diversity of environments is observed 

among nucleus herds, a wider variety is recognized when animals move between nucleus 

and commercial herds. Mahrt et al. (1990), in a one-generation experiment, evaluated the 

correspondence between predicted sire breeding values in purebred beef herds and 

progeny performance under commercial crossbreeding. Sires were divergently selected 

using predicted breeding values derived from industry data.



Crossbred females are also widely used under commercial conditions. Selection of sires for 

maternal characters is based on predicted breeding values estimated by separation of direct 

and maternal components affecting weaning weights. Thus, the objectives of this thesis 

were threefold. The first was to evaluate, by computer simulation, the effect of various 

types of selection on the expected value of the correlation of predicted BV across 

environments when selection is practiced simultaneously on two traits and based on 

breeding value predictions. Direct and maternal traits were taken as a working case. The 

second objective was to assess the efficacy of sires' milk transmitting abilities (net maternal 

or MILK EPD) in predicting crossbred daughters' performances in a commercial 

environment using divergent selection for growth and maternal ability. Finally, the third 

goal was to assess the relationship of sires' MILK EPDs to their daughters' actual milk 

production.



CHAPTER 1 

LITERATURE REVIEW 

Genotype by environment interactions 

The simplest model to explain the phenotype of an individual assumes that the phenotype 

is the result of an additive genotypic value plus an environmental deviation (Falconer, 

1989). One of the assumptions of this model is that genotype and environment do not 

interact with each other to affect the phenotype. If this assumption is correct, then 

differences in phenotype due to differences in genotype should not be expected to depend 

upon the environment. Individuals that are genetically superior would be able to express 

such superiority independently of the environment in which performance is measured. 

Genotype by environment (G x E) interaction can be quantified as the genetic correlation 

of the same trait measured in two different environments (Falconer, 1952). Two different 

types of genotype by environment interaction might occur. In the first, changes exist in 

ranking of animals across environments and the genetic correlation between performances 

in two environments may differ substantially from one. This situation indicates that 

selection within each environment for genes that act specifically in that environment will 

allow greater genetic progress, given the same variances. The second situation arises if 

variances are heterogeneous across environments but genetic correlation is close to one. 

The absolute magnitude of genetic differences will be smaller in the less variable 

environment. However, reranking of animals across environments would not be expected. 

Success of selection in another environment will depend on the value for the genetic 

correlation as well as the genetic variances (Dempfle and Griind!, 1988).



Procedures for estimation of the genetic correlation between performances in different 

environments, 7, were developed by Dickerson (1962) and Yamada (1962), such that: 

Co 
— s 

Gr +o% 
where o” and G? are the sire and sire by environment variance components, respectively. 

If 62, is equal to 0, the genetic correlation will be one and the trait will have the same 

genetic basis in different environments. However, the genetic correlation can be 

underestimated if genetic variances are not equal across environments. A correction factor 

to account for heterogeneity of sire variances is normally applied (Robertson, 1959; 

Dickerson, 1962 ; Yamada, 1962) to correct bias. A further censure of this procedure was 

made by Fernando et al. (1984) who pointed out a possible bias in the estimates of r, for 

unbalanced data if genetic and residual variances are not the same in each environment. 

Obviously then, the question of heterogeneity of variances among environments is inherent 

to the study of Gx E interactions. 

The first attempt to classify genotype by environment interactions was done by Haldane 

(1946). He classified them into four groups by combining, intra- and inter-population 

interactions with micro- and macro-environments. In domestic livestock, macro- 

environmental differences, such as diversity of climate and management practice are of 

major concern within and among populations. To approach the problem, a clear definition 

of environmental differences and genotypes is necessary. In various studies, the genotypes 

of interest have been considered to be breeds, lines, or individual sires. The different 

environments have been defined broadly as well. Factors such as different diets or 

nutritional levels (e.g., Hohenboken et al., 1988); geographical location or locations with



dissimilar climate or management conditions (e.g., Burns et al., 1979; Pahnish et al., 

1983); test stations vs. field conditions (e.g., Smith et al., 1979; Baker et al., 1984; 

Oldenbroek and Meijering, 1986); countries (e.g., Carabafio et al., 1990; Rozzi et al., 

1991), regions (e.g., Nunn et al., 1978; Bertrand et al., 1985531987; Wiggans and 

VanRaden, 1991), time (Wiggans and VanRaden, 1991) or herds (e.g., Danell, 1982; 

Notter et al., 1992) have been considered. 

There are two approaches to the study of genotype by environment interaction. The 

biological approach emphasizes adaptation, sensitivity and resistance to environmental 

stress of different breeds or crosses and the understanding of the biological mechanisms 

involved (e.g., Frisch, 1987; Hohenboken et al., 1988). On the other hand, the biometrical 

approach is more concerned with the quantification of G x E interactions, as well as 

statistical problems in proper identification of G x E interaction as it affects the accuracy 

of selection appropriate to the environment or conditions the individuals will experience 

(Robertson, 1959; Yamada, 1962; Dickerson, 1962; Fernando et al., 1984; Meyer; 1987). 

The existence of genotype by environment interactions can have several implications in the 

development of animal breeding programs. Currently, sires often produce progeny in a 

wide diversity of environments. Thus, the existence of true interactions has to be seriously 

considered and could require a decision to either optimize performance over the range of 

environments or develop separate breeding programs for each environment. 

Populations of domestic animals usually present a hierarchical structure (Vu Thien Kang, 

1983) in which a number of elite breeders maintain stud animals under rather different 

conditions from those under which commercial animals are maintained. Sire evaluations



are often used by the elite breeders, with the information for those evaluations coming 

only from within their herds. Thus, Expected Progeny Differences (EPD) are normally 

available for them in order to make selection decisions. An EPD is defined as an estimate 

of the average additive value of the gametes produced by a parent and attempts to predict 

the transmitting ability of that parent. But what happens to the receptor, the commercial 

producer? Environmental and managerial differences between stud and commercial 

breeders are widely recognized. In this context, managerial conditions refer basically to 

the use of crossbreeding for genetic improvement. Thus, the question to address is 

whether the genetic basis for performance is the same across environmental and 

managerial conditions. The effectiveness of selection in the elite herds for improving 

commercial performance depends on the adequacy of purebred EPDs as a predictor of 

commercial performance. If the genetic basis is not the same in the two environments, 

selection based on commercial performance is required to maximize genetic improvement 

(Falconer, 1952; McBride, 1958). In this context the concept of interaction is used in a 

very broad sense and relates to the fact that under commercial conditions more poor 

environmental conditions as well as crossbreeding are currently seen. 

Evidence of genotype by environment interactions in different populations 

Evidence of genotype by environment interactions in domestic livestock have been 

described in the literature however, the pattern is different depending upon the species and 

trait. Gx E interaction within the same countries has been studied by different authors 

(Robertson and Mason, 1956; Danell, 1982; Hill et al., 1983; Carabafio et al., 1990; 

Ibafiez et al., 1991), but evidence of true genotype by environment interaction has not 

been found. Attention also has been paid to this subject in the context of international



dairy sire evaluations (Peterson, 1988; Carabafio et al., 1989; Rozzi et al., 1991; Stanton 

et al., 1991). The range of reported genetic correlations between environments for milk 

yield is from .78 to .98 (Danell, 1982; Carabafio et al., 1989, 1990; Rozzi et al., 1991; 

Stanton et al., 1991) with one exception where in a comparison between 40 Canadian and 

New Zealand dairy sires, the estimated genetic correlation between performance of 

Canadian bulls at home and in New Zealand was .22 (Peterson, 1988). However, 

heterogeneity of residual and genetic variances has been reported in dairy populations 

across herds grouped by level of production and country (e.g. Danell, 1982; Hill et. al., 

1983; Carabafio et al., 1989; Ibafiez et al., 1991; Stanton et al., 1991). Heritabilities tend 

to be higher at higher levels of production (Hill, 1984). Danell (1982) reported 

heritabilities for total milk production of .21, .25 and .28 when estimated in herds of low, 

medium and high levels of production, respectively. Stanton et al. (1991) compared 

genetic and residual variances between USA and Latin America (Mexico and Colombia) 

for mature-equivalent milk. Latin-American data were divided into high and low within- 

herd standard deviation groups. In the low group, sire and residual variances were as 

much as 42 and 40% of the USA values; however, in the high group the proportion 

increased to 79% and 96%, respectively. Heritabilities were similar, nevertheless the 

heritability in the low group was higher than that in the high group, basically due to a 

substantial reduction in residual variances in the low group. Stanton et al. (1991) stated 

that the consequence of heterogeneous variances was smaller correlated response to 

selection. Rozzi et al. (1991) did not find evidence of heterogeneity of variances between 

Italy and Spain. 

In swine, genotype by environment interactions have been reported in traits such as daily 

gain (from birth), backfat thickness (adjusted by weight) and an index containing both



(Standal, 1977; Merks, 1988). Standal (1977) compared breeding values of sires including 

124 AI sires evaluated on the basis of on-the-farm tested sons' performance or station- 

tested daughters. The pairwise estimated genetic correlations between performances 

significantly deviated from unity (.45, .65, and .63, respectively). However, this result 

might be in part attributed to genotype by sex interactions since different sexes were 

represented in each location. Merks (1988) also reported sire by farm interactions for the 

same traits. He detected a sire by farm interaction component of the same magnitude as 

the sire component however, as indicated by the author, 30 to 90 % of that interaction 

was due to heterogeneity of genetic variances. The range of genetic correlations before 

and after adjustment was from .29 to .73 and .37 to .92, respectively. 

Two different approaches have been taken in studies of genotype by environment 

interactions in beef cattle populations. The first is based on field data provided by breed 

associations (Buchanan and Nielsen, 1979; Nunn et al., 1978; Burfening et al., 1982; 

Bertrand et al., 1985, 1987). The second is based on designed experiments where several 

lines and/or sire within breeds produce progeny in a number of experimental locations 

(Butts et al., 1971; Burns et al., 1979; Tess et al., 1984; Pahnish et al., 1983; Mahrt et al., 

1990). 

Butts et al. (1971) and Burns et al. (1979) investigated the effect of G x E interaction in 

two lines of Hereford cattle maintained in two distinct areas of the USA, Florida and 

Montana. The differences between the locations were both climatic and managerial. Traits 

such as birth weight, gain to weaning, weaning weight and final weight were studied. 

Interaction of location by herd of origin were important for birth weight, weaning weight 

and gain to weaning. Animals performing in their original locations tended to be heavier



than the 'immigrants'. Implications of such experimental results are that selection response 

is partially due to adaptation to specific environmental circumstances which might 

compromise seedstock exchange across dissimilar areas. Postweaning traits of heifers and 

bulls were investigated in the same locations by Pahnish et al. (1983, 1985); conclusions 

were the same. Conversely, when data from designed progeny tests of Hereford and 

Angus sires used in cooperator herds were studied by Wilson et al. (1972), sire by herd 

interactions were not detected for birth weight, weaning weight and yearling weight. Aken 

et al. (1976) compared two breeds of sires (Fleckvieh and Gelbvieh) at two locations 

(Western Germany and Central Texas) and found interaction at the breed level; however, 

sire within breed by location interactions were not significant. Tess et al. (1984) did not 

find any evidence of sire x location interaction in a study involving Hereford sires in three 

different locations in North Carolina. Birth and weaning weights and preweaning daily 

gain as well as a number of postweaning traits (average daily gain, carcass traits and 

percentage fat in the rib area) were studied to evaluate sire by location and sire by diet 

interactions. Estimates of the genetic correlation varied from .50 to 1.25; however when 

estimates of sire variances within each environment were used to correct bias due to 

scaling, the resulting genetic correlations were greater than .90. 

Table 1.1 summarizes results found in beef cattle field studies of G x E interaction. Field 

data analyses of G x E interaction in beef have basically evaluated sire by herd, sire by 

region, sire by contemporary group, sire by sex and sire by season interactions. Significant 

genotype by environment interaction have been found for birth weight (Bertrand et al., 

1985, 1987), weaning weight direct (Nunn et al., 1978; Buchanan and Nielsen, 1979; 

Bertrand et al., 1985, 1987; Notter et al., 1992) and maternal effects (Hanford et al., 

1988). Buchanan and Nielsen (1979) studied G x E interaction effects on birth and 
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weaning weights of Simmental and Maine-Anjou sires. The interactions studied were sire 

by region, sire by herd within region, sire by sex and sire by season. While sire by sex and 

season interactions were of moderate importance, sire by region effects were found for 

both traits while sire by herd within region was shown to be important only for weaning 

weight in both breeds. However, herd effects also included year and location effect. 

Similar results were found by Nunn et al. (1978) using Simmental data. Sire by region 

interactions were detected for weaning weight but not for birth weight. Sire by region 

interaction might have been inflated by a breed of dam effect and breed of dam by sire 

interactions. In both cases, regions were quite large; therefore regional interactions might 

involve a wide range of environmental differences. No investigation of heterogeneity of 

variances was performed by Buchanan and Nielsen (1979); however Nunn et al. (1978) 

noticed that variances among sires progeny means were significantly heterogeneous. No 

further comment was made. Bertrand et al. (1985, 1987) found significant sire by region, 

sire x herd within region and sire by contemporary group (herd-weaning date-sex- 

management code combination) within herd and region interactions for weaning weight. 

Causes of those interactions were associated with different factors. While the interaction 

of sire by contemporary groups was related to sire by year, sire by season, sire by sex and 

sire by management (creep or noncreep) interactions, the sire by herd interaction was 

associated with sire by location and management condition effects. 

Some degree of inconsistency between experimental and field results appears to exist, but 

several reasons for this result are possible. Failure of models to account correctly for 

interactions, unbalanced data with sires represented in a limited number of environments 

and arbitrary definition of ‘different environments' may result in bias in the detection of 

genotype by environment interactions based on field data. In addition, possible differential 
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non random mating between environments and preferential treatment might have an 

impact. Furthermore, weaning weights appear to be more sensitive to the effect of 

interactions. If sires were to some extent crossclassified with different environments, 

dams are usually still unique to specific environments (nested within environments). 

Consequently, some sort of sire genotype by dam maternal interaction could be important. 

Bertrand et al. (1987) reported a reduction in the magnitude of sire by contemporary 

group interaction when including dams most probable producing ability (MPPA) as a 

covariate. Average weighted genetic correlation for weaning weights across regions 

changed from .55 to .64 to .69 before and after accounted for dams and sire by 

contemporary group effects, respectively. Notter et al. (1992) observed that adjustment 

for dams' total maternal breeding value yielded a reduction of approximately 15% in the 

sire by herd interaction variance component. Adjusting for total maternal breeding value 

should have accounted for non random mating practices that could have enhanced 

correlations among progeny of sires in some herds and the effect of a possible sire by dam 

maternal interaction. Presence of common environmental effects within half sib families 

could also be an important part of the G x E component (Meyer, 1987; Notter et al., 

1992). Also, beef cattle populations are subject to a large diversity of environments that 

can not be accurately reproduced by experimental conditions. 

References to the existence of G x E interaction for maternal characters are almost non 

existent. Hanford et al. (1988) studied the interaction of maternal grandsire by region and 

by herd within region for birth weight, weaning weight and calving ease. While the 

interaction with region was not important, there was an important effect of maternal 

grandsire by herd within region interaction. Adjustment was done for the direct effect of 

the maternal grandsire, but sire of calf was not included in the model. This G x E 
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component could involve a number of management factors such as use or not of creep 

feeding or year effects. From the magnitude of the estimated genetic correlations that was 

reported (.05 to .34) for weaning weight, some additional effects enhancing the sire x herd 

within region interaction must have existed. They might be related to either some sort of 

assortative mating (where the daughters of the best maternal grandsires were bred to the 

best sires) or possible herd-specific covariances among maternal and temporary 

environmental effects. A number of studies using combinations of field and test station 

data have also indicated a poor correspondence between performance of sires in stations 

and later performance of their progeny in field conditions ( Baker et al., 1984; Oldenbroek 

and Mejjering, 1986). 

We can thus conclude that reasonable evidences for G x E interactions exist, at least for 

some populations, and that they may introduce an important source of bias in prediction of 

BV when interactions are not accounted for in statistical models. The reranking of sires 

across environments might be important also, and could be more important when the 

different environments involves breeding and commercial herds where a G x E interaction 

would be expected to be more substantial. 

Evidence of genotype by genotype interactions 

Crossbreeding plays a major role in improvement of economically important traits. The 

use of systematic crosses provides for utilization of heterosis and differences among 

breeds to optimize the average genetic merit for performances traits in various climates 

and nutritional environments (Dickerson, 1973). Therefore, the commercial breeder is able 

to use hybrid vigor and the unique characteristics of different breeds to satisfy the needs of 
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specific production and marketing situations. An underlying question is the extent to 

which a producer can be certain that sires evaluated in purebreeding will be appropriate to 

satisfy his production needs in crossbreeding. The genotype of the sire by genotype of the 

mate effect can be viewed as a case of genotype x environment interaction, where the 

breed or cross of the dams can be regarded as representing different environments. 

The relationship between performance of sires in purebreeding and crossbreeding should 

depend upon the proportion of the observed genetic variance that is due to additive gene 

effects (Falconer, 1989). The relationship will be perfect only in the absence of more 

complex non-additive gene actions. If specific combining ability is an important source of 

variation , ranking of individuals may differ in different types of mating. Wei et al. (1991) 

concluded from simulation of a multi-locus character that the genetic correlation between 

straightbred and purebred performance may be less than unity in the presence of 

dominance and if gene frequencies differ greatly in the parental populations. 

Genetic correlations have been estimated using paternal half sib models that include 

information from purebred and crossbred progeny in order to assess the existence of 

genotype by genotype interactions. Estimates of the genetic correlations found in the 

literature are reported in Table 1.2. Similarly to the case of G x E interaction, differences 

across species and traits can be observed in addition to differences among breed crosses. 

The ratio of direct response (DR) to selection based on merit of crossbred progeny to the 

correlated response (CR) per unit of time from within-breed selection has been used to 

evaluate reciprocal recurrent selection versus within-breed selection (Standal, 1968; 

McLaren et al., 1985). The prediction equation used was: 
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DR, _ iAL, 

CR, 7 iphpL Ia, 

where i represents the standardized selection differential, / the square root of heritability, 

Tgp represents the genetic correlation between purebred and crossbred performance, L is 

the generation interval and the subscripts p and c refer to purebred and crossbred data 

sources. For values of the ratio that are greater than 1, the comparison is in favor of 

selection for specific combining ability. The reciprocal of this coefficient (without 

considering generation interval) has also been reported, with the opposite interpretation 

(Dim, 1974; Salah et al., 1969). Dim (1974) compared expected breeding values for fat- 

corrected milk derived in crossbreeding for sires of three different breeds to Swedish 

straightbred proofs for the same sires. A genetic correlation that was close to one was 

obtained; however, the ratio of correlated response to direct response (.9) favored direct 

selection on crossbred performance. However, Salah et al. (1969) in sheep reported that 

response to selection based on purebred information was 12% higher than that achieved 

using data from crossbred progeny. 

Vinson et al. (1969) reported estimates of additive genetic variances and heritabilities 

based on paternal half-sibs in purebred and crossbred population of mice. Estimates of 

high genetic correlation between sires' progeny performance in both situations indicated a 

large additive component in the genetic variation. However, the ratio of sire variance for 

purebreds to that of crossbreds was greater than one, which the authors suggested may 

have been indicative of partial dominance. 

No clear advantage of selection for specific combining ability has been found in mice, beef, 

sheep or swine (Vinson et al. 1969; Salah et al., 1969; Dunn et al., 1970; Koger et al. 
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�e�x�p�e�c�t�a�t�i�o�n�s� �h�o�w�e�v�e�r�,� �a�s� �p�r�o�p�e�r�l�y� �m�e�n�t�i�o�n�e�d� �b�y� �t�h�e� �a�u�t�h�o�r�,� �t�h�e� �a�c�c�u�r�a�c�i�e�s� �o�f� �b�r�e�e�d�i�n�g� 

�v�a�l�u�e� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �o�v�e�r�e�s�t�i�m�a�t�e�d�,� �s�i�n�c�e� �t�h�e� �c�o�m�p�l�e�t�e� �i�n�v�e�r�s�e� �o�f� �t�h�e� �m�i�x�e�d� �m�o�d�e�l� 

�c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x� �w�a�s� �n�o�t� �o�b�t�a�i�n�e�d�.� �T�h�e� �f�a�c�t� �t�h�a�t� �a� �m�u�l�t�i�t�r�a�i�t� �a�n�a�l�y�s�i�s� �w�a�s� �u�s�e�d� �m�i�g�h�t� �h�a�v�e� 

�h�a�d� �a�n� �a�d�d�i�t�i�o�n�a�l� �e�f�f�e�c�t� �s�i�n�c�e� �s�u�c�h� �a�n� �a�n�a�l�y�s�i�s� �i�s� �e�x�p�e�c�t�e�d� �t�o� �i�m�p�r�o�v�e� �a�c�c�u�r�a�c�y� �o�f� 

�e�v�a�l�u�a�t�i�o�n� �o�v�e�r� �s�i�n�g�l�e� �t�r�a�i�t� �a�n�a�l�y�s�i�s� �(�T�h�o�m�p�s�o�n� �a�n�d� �M�e�y�e�r�,� �1�9�8�6�)�.� �T�h�e�o�r�e�t�i�c�a�l� 

�d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �o�f� �a� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �c�o�r�r�e�l�a�t�i�o�n� �w�a�s� �b�a�s�e�d� �o�n� �a� �s�i�n�g�l�e�-�t�r�a�i�t� 

�a�n�a�l�y�s�i�s� �(�T�a�y�l�o�r�,� �1�9�8�3�)�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �c�o�n�f�o�u�n�d�i�n�g� �e�f�f�e�c�t� �o�f� �s�i�r�e� �b�y� �y�e�a�r� �a�n�d� �s�i�r�e� �b�y� �h�e�r�d� 

�i�n�t�e�r�a�c�t�i�o�n� �c�o�u�l�d� �b�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �o�b�s�e�r�v�e�d� �r�e�s�u�l�t�s� �(�S�w�a�n�,� �1�9�9�2�)�.� 

�I�t� �i�s� �v�e�r�y� �d�i�f�f�i�c�u�l�t� �t�o� �d�r�a�w� �c�o�n�c�l�u�s�i�o�n�s� �f�r�o�m� �t�h�e� �s�t�u�d�i�e�s� �r�e�v�i�e�w�e�d� �h�e�r�e�.� �A�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� 

�a�p�p�r�o�a�c�h�e�s� �d�i�d� �n�o�t� �s�h�o�w� �e�v�i�d�e�n�c�e� �o�f� �a�n� �i�m�p�o�r�t�a�n�t� �e�f�f�e�c�t� �o�f� �s�i�r�e� �s�p�e�c�i�f�i�c� �c�o�m�b�i�n�i�n�g� 

�a�b�i�l�i�t�i�e�s� �t�o� �s�u�p�p�o�r�t� �t�h�e� �u�s�e� �o�f� �r�e�c�i�p�r�o�c�a�l� �r�e�c�u�r�r�e�n�t� �s�e�l�e�c�t�i�o�n� �o�r� �a�n�y� �t�y�p�e� �o�f� �s�e�l�e�c�t�i�o�n� �b�a�s�e�d� 

�o�n� �c�r�o�s�s�b�r�e�d� �d�a�t�a� �t�o� �i�m�p�r�o�v�e� �s�i�r�e� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �c�r�o�s�s�b�r�e�e�d�i�n�g�.� 

�T�h�r�o�u�g�h� �t�h�e� �p�r�e�v�i�o�u�s� �t�w�o� �s�e�c�t�i�o�n�s�,� �a�n� �e�f�f�o�r�t� �h�a�s� �b�e�e�n� �m�a�d�e� �t�o� �s�e�p�a�r�a�t�e� �t�h�e� �p�r�o�b�l�e�m� �o�f� �G� 

�x� �E� �f�r�o�m� �g�e�n�o�t�y�p�e� �x� �g�e�n�o�t�y�p�e�s� �i�n�t�e�r�a�c�t�i�o�n�,� �h�o�w�e�v�e�r� �t�h�e�y� �a�r�e� �o�f�t�e�n� �i�n�s�e�p�a�r�a�b�l�e� �s�i�n�c�e� �i�n� 

�m�o�s�t� �s�p�e�c�i�e�s� �c�o�m�m�e�r�c�i�a�l� �c�r�o�s�s�b�r�e�e�d�i�n�g� �l�e�a�d�s� �t�o� �b�o�t�h� �e�x�p�r�e�s�s�i�o�n� �o�f� �n�o�n�a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� 

�e�f�f�e�c�t�s� �a�n�d�  ��d�i�f�f�e�r�e�n�t �� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�i�r�c�u�m�s�t�a�n�c�e�s�.� �T�h�u�s�,� �i�n� �r�e�a�l�i�t�y� �a� �m�o�r�e� �g�e�n�e�r�a�l� �t�e�r�m� �i�s� 

�n�e�e�d�e�d�.� �W�e� �w�i�l�l� �b�e� �r�e�f�e�r�r�i�n�g� �t�o� �g�e�n�o�t�y�p�e� �b�y� �p�r�o�d�u�c�t�i�o�n� �s�y�s�t�e�m� �(�G� �x� �P�)� �i�n�t�e�r�a�c�t�i�o�n� �t�o� 

�i�n�c�l�u�d�e� �b�o�t�h� �p�o�t�e�n�t�i�a�l� �s�o�u�r�c�e�s� �o�f� �i�n�t�e�r�a�c�t�i�o�n�.� �I�n� �o�r�d�e�r� �t�o� �d�e�s�i�g�n� �b�r�e�e�d�i�n�g� �p�r�o�g�r�a�m�s�,� �t�h�e�y� 

�o�f�t�e�n� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�o�g�e�t�h�e�r�.� �I�n� �c�o�n�c�l�u�s�i�o�n� �t�h�e�n�,� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �t�h�e� �i�m�p�a�c�t� �o�f� 

�g�e�n�o�t�y�p�e� �b�y� �e�n�v�i�r�o�n�m�e�n�t� �a�n�d�/�o�r� �g�e�n�o�t�y�p�e� �b�y� �g�e�n�o�t�y�p�e� �i�n�t�e�r�a�c�t�i�o�n�s� �u�s�i�n�g� �e�x�p�e�r�i�m�e�n�t�a�l� �o�r� 

�f�i�e�l�d� �d�a�t�a� �i�s� �s�t�i�l�l� �n�e�e�d�e�d�.� 
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�T�h�e� �r�e�g�r�e�s�s�i�o�n� �o�f� �a�c�t�u�a�l� �p�r�o�g�e�n�y� �p�e�r�f�o�r�m�a�n�c�e�s� �o�n� �s�i�r�e�s� �t�r�a�n�s�m�i�t�t�i�n�g� �a�b�i�l�i�t�i�e�s� 

�A� �p�r�a�c�t�i�c�a�l� �m�e�t�h�o�d� �o�f� �d�e�t�e�c�t�i�n�g� �G� �x� �P� �i�n�t�e�r�a�c�t�i�o�n�s� �h�a�s� �b�e�e�n� �u�s�e�d� �b�y� �s�e�v�e�r�a�l� �a�u�t�h�o�r�s� 

�(�R�u�v�u�n�a� �a�n�d� �M�c�D�a�n�i�e�l�,� �1�9�8�3�;� �M�a�h�r�t� �e�t� �a�l�.�,� �1�9�9�0�;� �P�e�r�s�a�u�d� �e�t� �a�l�.�,� �1�9�9�0�;� �N�o�t�t�e�r� �a�n�d� 

�C�u�n�d�i�f�f�,� �1�9�9�1�;� �W�r�i�g�h�t� �a�n�d� �P�o�l�l�a�k�,� �1�9�9�1�)�.� �T�h�i�s� �m�e�t�h�o�d� �c�o�m�p�a�r�e�d� �a�c�t�u�a�l� �p�r�o�g�e�n�y� 

�p�e�r�f�o�r�m�a�n�c�e� �i�n� �a� �s�e�c�o�n�d�a�r�y� �e�n�v�i�r�o�n�m�e�n�t� �t�o� �s�i�r�e�s�'� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �e�s�t�i�m�a�t�e�s� �i�n� �t�h�e� 

�e�n�v�i�r�o�n�m�e�n�t� �w�h�e�r�e� �s�e�l�e�c�t�i�o�n� �d�e�c�i�s�i�o�n�s� �a�r�e� �m�a�d�e� �u�s�i�n�g� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s�.� �I�f� �t�h�e� �o�b�s�e�r�v�e�d� 

�r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �(�r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �p�r�o�g�e�n�y� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �a� �s�e�c�o�n�d� 

�e�n�v�i�r�o�n�m�e�n�t� �o�n� �s�i�r�e� �E�P�D� �o�b�t�a�i�n� �i�n� �t�h�e� �f�i�r�s�t� �e�n�v�i�r�o�n�m�e�n�t�)� �i�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� 

�t�h�a�t� �e�x�p�e�c�t�e�d� �(� �1� �k�g� �p�e�r� �k�g� �o�f� �E�P�D� �f�o�r� �g�r�o�w�t�h� �t�r�a�i�t�s�)�,� �t�h�e�n� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �c�o�n�c�l�u�d�e� �t�h�a�t� 

�i�n�t�e�r�a�c�t�i�o�n�s� �a�r�e� �u�n�i�m�p�o�r�t�a�n�t�.� �R�u�v�u�n�a� �a�n�d� �M�c�D�a�n�i�e�l� �(�1�9�8�3�)� �r�e�g�r�e�s�s�e�d� �m�i�l�k� �y�i�e�l�d�s� �o�f� 

�c�r�o�s�s�b�r�e�d� �d�a�u�g�h�t�e�r�s� �o�n� �P�D� �f�o�r� �m�i�l�k� �o�f� �H�o�l�s�t�e�i�n� �a�n�d� �B�r�o�w�n� �S�w�i�s�s� �s�i�r�e�s�.� �R�e�g�r�e�s�s�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t�s� �w�e�r�e� �1�.�4�2� �a�n�d� �.�7�7� �k�g� �o�f� �m�i�l�k� �p�e�r� �k�g� �o�n� �P�D� �f�o�r� �H�o�l�s�t�e�i�n� �a�n�d� �B�r�o�w�n� �S�w�i�s�s�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�;� �h�o�w�e�v�e�r� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�a�m�p�l�i�n�g� �e�r�r�o�r�s� �d�i�d� �n�o�t� �i�n�d�i�c�a�t�e� �s�i�g�n�i�f�i�c�a�n�t� 

�d�e�p�a�r�t�u�r�e�s� �f�r�o�m� �e�x�p�e�c�t�a�t�i�o�n�.� �R�e�g�r�e�s�s�i�o�n� �o�f� �F�,� �c�a�l�f� �w�e�a�n�i�n�g� �w�e�i�g�h�t�s� �o�n� �s�i�r�e� �w�e�a�n�i�n�g� 

�w�e�i�g�h�t� �E�P�D� �h�a�v�e� �b�e�e�n� �l�o�w�e�r� �t�h�a�n� �e�x�p�e�c�t�e�d� �(� �M�a�h�r�t� �e�t� �a�l�.�,� �1�9�9�0�;� �N�o�t�t�e�r� �a�n�d� �C�u�n�d�i�f�f�,� 

�1�9�9�1�;� �N�o�t�t�e�r� �a�n�d� �M�a�h�r�t�,� �1�9�9�1�)�;� �h�o�w�e�v�e�r� �w�h�e�n� �N�o�t�t�e�r� �a�n�d� �C�u�n�d�i�f�f� �(�1�9�9�1�)� �r�e�g�r�e�s�s�e�d� 

�w�e�a�n�i�n�g� �w�e�i�g�h�t�s� �o�f� �p�r�o�g�e�n�y� �o�f� �F�,� �f�e�m�a�l�e�s� �o�n� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s�'� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� 

�w�e�a�n�i�n�g� �w�e�i�g�h�t� �E�P�D�,� �n�e�i�t�h�e�r� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �d�i�f�f�e�r�e�d� �f�r�o�m� �e�x�p�e�c�t�a�t�i�o�n� �(�.�5� �a�n�d� �1�;� 

�r�e�s�p�e�c�t�i�v�e�l�y�)�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �d�i�r�e�c�t� �E�P�D�'�s� �w�e�r�e� �t�h�o�s�e� �o�f� �t�h�e� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s�,� �t�h�e� 

�p�o�w�e�r� �o�f� �t�h�e� �t�e�s�t� �o�f� �t�h�e� �e�f�f�e�c�t�s� �o�f� �d�i�r�e�c�t� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �E�P�D� �w�a�s� �r�e�d�u�c�e�d�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� 

�m�a�t�e�r�n�a�l� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �E�P�D�s� �d�i�d� �s�e�e�m� �t�o� �b�e� �p�r�e�d�i�c�t�i�v�e� �o�f� �a�c�t�u�a�l� �c�a�l�f� �w�e�i�g�h�t�s� �i�n� 

�c�r�o�s�s�b�r�e�e�d�i�n�g�.� 
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�E�x�p�e�c�t�a�t�i�o�n� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�c�r�o�s�s� 

�e�n�v�i�r�o�n�m�e�n�t�s� 

�I�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�,� �t�h�e� �u�s�e� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �t�o� �e�s�t�i�m�a�t�e� 

�t�h�e� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �e�x�p�r�e�s�s�i�o�n�s� �o�f� �t�h�e� �s�a�m�e� �c�h�a�r�a�c�t�e�r� �u�n�d�e�r� �d�i�f�f�e�r�e�n�t� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �h�a�s� �b�e�e�n� �d�i�s�c�u�s�s�e�d�.� �D�i�f�f�e�r�e�n�t� �a�u�t�h�o�r�s� �h�a�v�e� �c�o�r�r�e�l�a�t�e�d� �E�P�D� �o�f� 

�s�i�r�e�s� �u�n�d�e�r� �d�i�f�f�e�r�e�n�t�  ��e�n�v�i�r�o�n�m�e�n�t�a�l �� �c�o�n�d�i�t�i�o�n�s� �i�n� �a�n� �a�t�t�e�m�p�t� �t�o� �i�d�e�n�t�i�f�i�e�d� �p�o�s�s�i�b�l�e� 

�r�e�r�a�n�k�i�n�g� �o�f� �s�i�r�e�s� �a�m�o�n�g� �e�n�v�i�r�o�n�m�e�n�t�s� �a�n�d� �m�a�n�a�g�e�m�e�n�t� �c�o�n�d�i�t�i�o�n�s� �(�T�a�b�l�e� �1�.�3�)�.� �T�h�e� �s�a�m�e� 

�m�e�t�h�o�d�o�l�o�g�y� �w�a�s� �i�n�i�t�i�a�l�l�y� �u�s�e�d� �t�o� �o�b�t�a�i�n� �a�n� �e�s�t�i�m�a�t�e� �o�f� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�w�o� 

�d�i�f�f�e�r�e�n�t� �t�r�a�i�t�s�,� �s�u�c�h� �a�s� �m�i�l�k� �a�n�d� �b�e�e�f� �p�r�o�d�u�c�t�i�o�n� �o�f� �H�o�l�s�t�e�i�n�-�F�r�i�e�s�i�a�n� �b�u�l�l�s� �(�C�a�l�o� �e�t� �a�l�.�,� 

�1�9�7�3�)� �a�n�d� �m�i�l�k� �a�n�d� �f�a�t� �y�i�e�l�d� �a�s� �w�e�l�l� �a�s� �a� �n�u�m�b�e�r� �o�f� �t�y�p�e� �t�r�a�i�t�s� �(�B�l�a�n�c�h�a�r�d� �e�t� �a�l�.�,� �1�9�8�3�)�.� �I�n� 

�e�i�t�h�e�r� �c�a�s�e�,� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �r�e�s�u�l�t�s� �m�u�s�t� �d�e�p�e�n�d� �o�n� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� 

�p�r�o�d�u�c�t� �m�o�m�e�n�t� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �(�C�a�l�o� �e�t� �a�l�.� �1�9�7�3�;� 

�B�l�a�n�c�h�a�r�d� �e�t� �a�l�.�,� �1�9�8�3�;� �T�a�y�l�o�r� �1�9�8�3�;� �G�a�r�r�i�c�k� �e�t� �a�l�.�,� �1�9�8�9�;� �N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)�.� 

�T�h�u�s�,� �a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �m�a�y� �b�e� �o�b�t�a�i�n�e�d� �b�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �o�b�s�e�r�v�e�d� 

�p�r�o�d�u�c�t� �m�o�m�e�n�t� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�i�o�n�s� �t�o� �i�t�s� �e�x�p�e�c�t�a�t�i�o�n�.� �F�r�o�m� �s�e�l�e�c�t�i�o�n� �i�n�d�e�x� �t�h�e�o�r�y� 

�t�h�e� �e�x�p�e�c�t�e�d� �c�o�r�r�e�l�a�t�i�o�n� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�I�,� �=�A�C�C�G�T�g�a�c�c�,� 

�w�h�e�r�e� �r�p� �i�s� �t�h�e� �p�r�o�d�u�c�t� �m�o�m�e�n�t� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �s�e�p�a�r�a�t�e� �e�s�t�i�m�a�t�e�s� �o�f� �s�i�r�e�s�'� �B�V� �i�n� 

�d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s� �o�r� �f�o�r� �d�i�f�f�e�r�e�n�t� �t�r�a�i�t�s�;� �a�c�c�,�a�n�d� �a�c�c�,� �a�r�e� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �t�r�u�e� 

�a�n�d� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �i�n� �e�n�v�i�r�o�n�m�e�n�t� �1� �a�n�d� �2�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �a�n�d� �7�,� �i�s� �t�h�e� �u�n�d�e�r�l�y�i�n�g� 

�g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n�.� �A�s�s�u�m�i�n�g� �a� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �1�,� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �b�e�c�o�m�e�s� �e�q�u�a�l� 

�t�o� �t�h�e� �p�r�o�d�u�c�t� �o�f� �a�c�c�u�r�a�c�i�e�s�,� �a�c�c�,�a�c�c�,�.� �T�h�i�s� �f�o�r�m�u�l�a�t�i�o�n� �o�f� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �r�e�q�u�i�r�e�s� 
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�a�c�c�u�r�a�c�y� �o�f� �p�r�e�d�i�c�t�i�o�n� �o�f� �s�i�r�e� �B�V� �t�o� �b�e� �e�q�u�a�l� �f�o�r� �a�l�l� �s�i�r�e�s� �w�i�t�h�i�n� �e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t�.� �A�n� 

�e�x�p�e�c�t�a�t�i�o�n� �o�f� �1� �w�o�u�l�d� �d�e�m�a�n�d� �a�c�c�u�r�a�c�i�e�s� �o�f� �e�s�t�i�m�a�t�e�s� �e�q�u�a�l� �t�o� �u�n�i�t�y� �i�n� �b�o�t�h� 

�e�n�v�i�r�o�n�m�e�n�t�s�.� �H�o�w�e�v�e�r�,� �s�u�c�h� �h�o�m�o�g�e�n�e�i�t�y� �o�f� �a�c�c�u�r�a�c�i�e�s� �i�s� �n�o�t� �v�e�r�y� �r�e�a�l�i�s�t�i�c�,� �e�v�e�n� �u�n�d�e�r� 

�t�h�e� �b�e�s�t� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�,� �s�u�c�h� �a� �b�a�l�a�n�c�e�d� �s�i�t�u�a�t�i�o�n� �w�o�u�l�d� �b�e� �d�i�f�f�i�c�u�l�t� �t�o� �a�c�h�i�e�v�e�.� 

�C�a�l�o� �e�t� �a�l�.� �(�1�9�7�3�)� �a�n�d� �B�l�a�n�c�h�a�r�d� �e�t� �a�l�.� �(�1�9�8�3�)� �d�e�r�i�v�e�d� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �o�f� �7�,� �a�c�c�o�u�n�t�i�n�g� �f�o�r� 

�u�n�e�q�u�a�l� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �e�a�c�h� �s�i�r�e� �a�n�d�,� �t�h�e�r�e�f�o�r�e� �d�i�f�f�e�r�e�n�t� �a�c�c�u�r�a�c�i�e�s�.� �T�h�e� �d�e�r�i�v�e�d� 

�e�x�p�e�c�t�a�t�i�o�n� �w�a�s� �t�h�e�n� �:� 

�m� �m� 

�r�g� �a�c�e�?� �Y� �a�c�c�?� 
�i�=�l� �j�=�]� �C�o�r�r�(�t�,� �,�,�)� �=� 

� � 

�w�h�e�r�e� �a�c�c�,�,� �a�n�d� �a�c�c�,�;� �a�r�e� �t�h�e� �a�c�c�u�r�a�c�i�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �B�V� �o�f� �t�h�e� �i�t�h� �s�i�r�e� 

�i�n� �e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t� �(�1� �a�n�d� �2�)� �a�n�d� �m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �s�i�r�e�s�.� 

�T�h�i�s� �e�x�p�e�c�t�a�t�i�o�n� �h�a�s� �p�r�o�d�u�c�e�d� �e�s�t�i�m�a�t�e�s� �o�f� �7�,� �t�h�a�t� �w�e�r�e� �o�u�t� �o�f� �t�h�e� �p�a�r�a�m�e�t�e�r� �s�p�a�c�e� 

�(�T�a�y�l�o�r�,� �1�9�8�3�)�.� �T�a�y�l�o�r� �(�1�9�8�3�)� �e�s�t�a�b�l�i�s�h�e�d� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �f�r�a�m�e�w�o�r�k� �u�n�d�e�r� �w�h�i�c�h� �t�h�i�s� 

�e�x�p�e�c�t�a�t�i�o�n� �w�i�l�l� �a�c�h�i�e�v�e� �p�r�o�p�e�r� �e�s�t�i�m�a�t�i�o�n� �o�f� �7�g�.� �T�h�e� �d�e�r�i�v�a�t�i�o�n� �o�f� �t�h�o�s�e� �c�o�n�d�i�t�i�o�n�s� �i�s� 

�b�a�s�e�d� �o�n� �s�i�n�g�l�e� �t�r�a�i�t� �e�v�a�l�u�a�t�i�o�n�s� �i�n� �e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t�.� �T�h�o�s�e� �c�o�n�d�i�t�i�o�n�s� �a�r�e�:� �(�1�)� �n�o� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �a�m�o�n�g� �p�a�r�e�n�t�s� �o�f� �m�e�a�s�u�r�e�d� �a�n�i�m�a�l�s�,� �(�2�)� �n�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�r�r�e�l�a�t�i�o�n�s� 

�b�e�t�w�e�e�n� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �a�n�i�m�a�l�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�,� �(�3�)� �n�o� �o�t�h�e�r� �c�o�v�a�r�i�a�n�c�e�s� �a�m�o�n�g� 

�p�r�e�d�i�c�t�e�d� �B�V� �v�a�l�u�e�s� �w�i�t�h�i�n� �e�i�t�h�e�r� �e�n�v�i�r�o�n�m�e�n�t�.� �A�n� �i�m�p�l�i�c�i�t� �a�s�s�u�m�p�t�i�o�n� �(�4�)� �i�s� �t�h�a�t� �s�i�r�e�s� �a�r�e� 

�c�h�o�s�e�n� �a�t� �r�a�n�d�o�m�.� �I�f� �t�h�o�s�e� �a�s�s�u�m�p�t�i�o�n�s� �d�o� �n�o�t� �a�p�p�l�y�,� �a�n� �i�n�a�p�p�r�o�p�r�i�a�t�e� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� 

�g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �w�i�l�l� �b�e� �o�b�t�a�i�n�e�d� �d�u�e� �t�o� �u�s�e� �o�f� �a�n� �i�m�p�r�o�p�e�r� �e�x�p�e�c�t�a�t�i�o�n�.� �T�h�e� �p�r�o�p�r�i�e�t�y� 

�o�f� �t�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s� �w�i�l�l� �v�a�r�y� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �s�o�u�r�c�e� �o�f� �i�n�f�o�r�m�a�t�i�o�n�,� �e�i�t�h�e�r� 

�2�0



�e�x�p�e�r�i�m�e�n�t�a�l� �o�r� �f�i�e�l�d� �d�a�t�a�.� �U�n�d�e�r� �e�i�t�h�e�r� �c�o�n�d�i�t�i�o�n�,� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�v�a�r�i�a�n�c�e�s� �s�h�o�u�l�d� �n�o�t� 

�b�e� �a� �p�r�o�b�l�e�m� �s�i�n�c�e� �d�i�f�f�e�r�e�n�t� �a�n�i�m�a�l�s� �a�r�e� �u�s�u�a�l�l�y� �m�e�a�s�u�r�e�d� �i�n� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s�;� 

�h�o�w�e�v�e�r� �t�h�e� �r�e�m�a�i�n�i�n�g� �a�s�s�u�m�p�t�i�o�n�s� �a�r�e� �m�o�r�e� �c�r�i�t�i�c�a�l�.� �A�s� �p�o�i�n�t�e�d� �o�u�t� �b�y� �N�o�t�t�e�r� �a�n�d� �D�i�a�z� 

�(�1�9�9�2�)�,� �a�s�s�u�m�p�t�i�o�n�s� �1� �a�n�d� �4� �m�i�g�h�t� �b�e� �o�v�e�r�c�o�m�e� �t�h�r�o�u�g�h� �t�h�e� �s�a�m�p�l�i�n�g� �o�f� �s�i�r�e�s� �w�h�e�n� �a�n� 

�e�x�p�e�r�i�m�e�n�t�a�l� �a�p�p�r�o�a�c�h� �i�s� �t�a�k�e�n�,� �b�u�t� �u�n�d�e�r� �f�i�e�l�d� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �o�u�t� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�e�r�'�s� 

�c�o�n�t�r�o�l� �a�n�d� �w�i�l�l� �o�f�t�e�n� �n�o�t� �b�e� �m�e�t� �(�T�a�y�l�o�r�,� �1�9�8�3�)�.� �A�s�s�u�m�p�t�i�o�n� �3� �w�i�l�l� �l�i�k�e�l�y� �n�e�v�e�r� �b�e� 

�c�o�m�p�l�e�t�e�l�y� �m�e�t� �s�i�n�c�e� �i�t� �i�s� �a�l�m�o�s�t� �a�l�w�a�y�s� �v�i�o�l�a�t�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �p�r�o�c�e�s�s�.� �T�h�e� 

�p�r�o�c�e�s�s� �o�f� �e�s�t�i�m�a�t�i�o�n� �u�s�i�n�g� �M�i�x�e�d� �M�o�d�e�l� �M�e�t�h�o�d�o�l�o�g�y� �g�e�n�e�r�a�t�e�s� �c�o�v�a�r�i�a�n�c�e�s� �a�m�o�n�g� 

�p�r�e�d�i�c�t�i�o�n�s� �a�r�i�s�i�n�g� �f�r�o�m� �t�h�e� �e�s�t�i�m�a�t�i�o�n� �o�f� �f�i�x�e�d� �e�f�f�e�c�t�s� �e�v�e�n� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �r�e�l�a�t�i�o�n�s�h�i�p�s� 

�a�m�o�n�g� �s�i�r�e�s�.� �E�x�i�s�t�i�n�g� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �c�o�v�a�r�i�a�n�c�e�s�,� �w�h�i�c�h� �a�r�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �i�n�v�e�r�s�e� �o�f� 

�t�h�e� �m�i�x�e�d� �m�o�d�e�l� �c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �r�a�n�d�o�m� �p�a�r�t� �o�f� �t�h�e� �m�o�d�e�l� �(�C�,�,�)�,� 

�m�a�y� �b�e� �o�f� �i�m�p�o�r�t�a�n�c�e� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �d�a�t�a� �s�t�r�u�c�t�u�r�e�.� �I�n� �v�e�r�y� �u�n�b�a�l�a�n�c�e�d� �d�e�s�i�g�n�s�,� 

�p�r�e�d�i�c�t�i�o�n�s� �a�n�d� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �e�s�t�i�m�a�t�e�s� �t�e�n�d� �t�o� �b�e� �c�o�n�f�o�u�n�d�e�d� �u�n�l�e�s�s� �t�h�e� �n�u�m�b�e�r� 

�o�f� �s�i�r�e�s� �c�o�n�t�e�m�p�o�r�a�r�y� �t�o� �t�h�e� �c�o�n�n�e�c�t�i�n�g� �s�i�r�e�s� �a�r�e� �n�u�m�e�r�o�u�s�.� �W�h�e�n� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� �C�,�,� 

�i�n�v�o�l�v�e� �s�i�r�e�s� �w�i�t�h� �p�r�o�g�e�n�y� �e�q�u�a�l�l�y� �d�i�s�t�r�i�b�u�t�e�d� �a�c�r�o�s�s� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s�,� �t�h�e� �o�f�f� 

�d�i�a�g�o�n�a�l�s� �o�f� �C�,�,� �b�e�c�o�m�e� �n�e�g�l�i�g�i�b�l�e� �i�f� �r�e�a�s�o�n�a�b�l�e� �n�u�m�b�e�r�s� �o�f� �s�i�r�e�s� �a�r�e� �i�n�v�o�l�v�e�d�;� �h�o�w�e�v�e�r�,� �i�f� 

�d�a�t�a� �a�r�e� �u�n�b�a�l�a�n�c�e�d� �a�n�d� �o�n�l�y� �a� �f�e�w� �s�i�r�e�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �a�c�r�o�s�s� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s�,� 

�i�g�n�o�r�i�n�g� �c�o�v�a�r�i�a�n�c�e�s� �a�m�o�n�g� �p�r�e�d�i�c�t�e�d� �B�V�s� �i�n� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �o�f� �7�,� �m�i�g�h�t� �b�i�a�s� �t�h�e� 

�e�s�t�i�m�a�t�e� �o�f� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �(�N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)�.� 

�T�a�y�l�o�r� �(�1�9�8�3�)� �r�e�c�o�g�n�i�z�e�d� �t�h�e� �l�i�k�e�l�y� �e�x�i�s�t�e�n�c�e� �o�f� �t�h�e�s�e� �c�o�v�a�r�i�a�n�c�e�s� �b�u�t� �s�t�i�l�l� �a�s�s�u�m�e�d� �t�h�a�t� 

�t�h�e�y� �w�e�r�e� �n�u�l�l�.� �I�n� �p�r�a�c�t�i�c�a�l� �t�e�r�m�s�,� �s�u�c�h� �a�n� �a�s�s�u�m�p�t�i�o�n� �i�s� �u�s�u�a�l�l�y� �n�e�c�e�s�s�a�r�y� �w�h�e�n� �d�e�a�l�i�n�g� 

�w�i�t�h� �f�i�e�l�d� �d�a�t�a�,� �s�i�n�c�e� �M�M�E� �s�o�l�u�t�i�o�n�s� �a�r�e� �f�o�u�n�d� �b�y� �i�t�e�r�a�t�i�o�n� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e� �c�o�m�p�l�e�t�e� 

�i�n�v�e�r�s�e� �o�f� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x� �i�s� �n�o�t� �l�i�k�e�l�y� �t�o� �b�e� �o�b�t�a�i�n�e�d�.� �N�o�t�t�e�r� �a�n�d� �D�i�a�z� �(�1�9�9�2�)� 

�q�u�a�n�t�i�f�i�e�d� �t�h�e� �i�m�p�a�c�t� �o�f� �i�g�n�o�r�i�n�g� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �c�o�v�a�r�i�a�n�c�e�s� �u�n�d�e�r� �s�i�m�u�l�a�t�e�d� 

�2�1



�e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�.� �F�o�r� �s�i�t�u�a�t�i�o�n�s� �w�i�t�h� �b�a�l�a�n�c�e�d� �d�e�s�i�g�n�s� �u�n�d�e�r� �w�h�i�c�h� �s�i�r�e�s� �h�a�v�e� 

�p�r�o�g�e�n�y� �e�q�u�a�l�l�y� �d�i�s�t�r�i�b�u�t�e�d� �o�v�e�r� �a� �n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s�,� �t�h�e� �b�i�a�s�,� �d�e�f�i�n�e�d� �a�s� 

�t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �(�c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� 

�c�o�v�a�r�i�a�n�c�e�s�)� �a�n�d� �t�h�e� �p�r�o�d�u�c�t� �o�f� �a�c�c�u�r�a�c�i�e�s�,� �w�a�s� �p�r�a�c�t�i�c�a�l�l�y� �n�u�l�l� �w�i�t�h� �2�4� �s�i�r�e�s� �(�1�2� �i�n� �e�a�c�h� 

�c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�)�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �l�e�s�s� �i�d�e�a�l� �s�i�t�u�a�t�i�o�n�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d�,� �l�a�r�g�e�r� 

�n�u�m�b�e�r�s� �o�f� �s�i�r�e�s� �p�e�r� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p� �w�e�r�e� �r�e�q�u�i�r�e�d� �t�o� �a�t�t�a�i�n� �n�e�g�l�i�g�i�b�l�e� �b�i�a�s�.� 

�A�n� �a�d�d�i�t�i�o�n�a�l� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �w�a�s� �i�m�p�l�i�c�i�t�l�y� �m�a�d�e� �i�n� �T�a�y�l�o�r�'�s� �(�1�9�8�3�)� �d�e�r�i�v�a�t�i�o�n� �w�a�s� �t�h�e� 

�a�b�s�e�n�c�e� �o�f� �s�e�l�e�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� �u�s�e� �o�f� �f�i�e�l�d� �d�a�t�a� �w�i�l�l� �u�s�u�a�l�l�y� �i�n�v�a�l�i�d�a�t�e� �t�h�a�t� �a�s�s�u�m�p�t�i�o�n�,� 

�s�i�n�c�e� �m�o�v�e�m�e�n�t� �o�f� �a�n�i�m�a�l�s� �f�r�o�m� �o�n�e� �e�n�v�i�r�o�n�m�e�n�t� �t�o� �a�n�o�t�h�e�r� �b�a�s�i�c�a�l�l�y� �o�c�c�u�r�s� �a�s� �t�h�e� �r�e�s�u�l�t� 

�o�f� �a� �s�e�l�e�c�t�i�o�n� �d�e�c�i�s�i�o�n�.� �U�n�d�e�r� �t�h�i�s� �c�i�r�c�u�m�s�t�a�n�c�e�,� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� 

�o�f� �s�i�r�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �i�s� �b�i�a�s�e�d� �b�y� �s�e�l�e�c�t�i�o�n� �(�N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)�;� �h�o�w�e�v�e�r� 

�r�e�g�r�e�s�s�i�o�n� �i�s� �n�o�t� �b�i�a�s�e�d� �s�o� �l�o�n�g� �a�s� �s�e�l�e�c�t�i�o�n� �i�s� �p�r�a�c�t�i�c�e�d� �o�n�l�y� �o�n� �t�h�e� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� 

�(�p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �i�n� �t�h�e� �f�i�r�s�t� �e�n�v�i�r�o�n�m�e�n�t�)�.� �N�o�t�t�e�r� �a�n�d� �D�i�a�z� �(�1�9�9�2�)� �d�e�r�i�v�e�d� �t�h�e� 

�e�x�p�e�c�t�e�d� �v�a�l�u�e� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �u�n�d�e�r� �v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �s�e�l�e�c�t�i�o�n�,� �t�h�e� �r�e�s�u�l�t�i�n�g� �e�x�p�r�e�s�s�i�o�n� 

�i�S�:� 

�n�a�n� �l�-�s� 
�C�o�r�r�(�u�,� �,�U�,�)� �=�1�g�a�c�c�,�,� �l�o�p�a�c�o�n�s� 

�T�g�a�C�c�,�.�S� 

�w�h�e�r�e� �7�,�a�c�c�,�,� �1�s� �e�q�u�a�l� �t�o� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �d�e�v�e�l�o�p�e�d� �b�y� �C�a�l�o� �e�t� �a�l�.� �(�1�9�7�3�)� �a�n�d� �s� �i�s� �a�n� 

�e�m�p�i�r�i�c�a�l� �d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� �s�e�l�e�c�t�i�o�n� �p�r�a�c�t�i�c�e�d� �(�R�o�b�e�r�t�s�o�n�,� �1�9�6�6�)�,� �s�u�c�h� �t�h�a�t� 

�_� �V�a�r� �(�u�i�)� 
�s�=�]� �2� 

�0�5�,� 

�2�2



�w�h�e�r�e� �V�a�r� �(�u�,�)� �i�s� �t�h�e� �v�a�r�i�a�n�c�e� �o�f� �#�,� �i�n� �t�h�e� �s�e�l�e�c�t�e�d� �s�a�m�p�l�e� �a�n�d� �G�7�,� �i�s� �t�h�e� �v�a�r�i�a�n�c�e� �o�f� �i�,� �i�n� 

�t�h�e� �p�o�p�u�l�a�t�i�o�n� �o�f� �s�i�r�e�s� �p�r�i�o�r� �t�o� �s�e�l�e�c�t�i�o�n�.� �N�o�t�i�c�e� �t�h�a�t� �i�n� �t�h�e� �c�a�s�e� �o�f� �d�i�r�e�c�t�i�o�n�a�l� �t�r�u�n�c�a�t�i�o�n� 

�s�e�l�e�c�t�i�o�n�,� �s� �=� �i�(� �i� �-� �x� �)� �a�n�d� �f�o�r� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �s� �=� �-� �i�x� �w�h�e�r�e� �i� �i�s� �t�h�e� �s�t�a�n�d�a�r�d�i�z�e�d� 

�s�e�l�e�c�t�i�o�n� �d�i�f�f�e�r�e�n�t�i�a�l� �a�n�d� �x� �i�s� �t�h�e� �t�r�u�n�c�a�t�i�o�n� �p�o�i�n�t� �o�n� �a�n� �s�t�a�n�d�a�r�d� �n�o�r�m�a�l� �c�u�r�v�e�.� 

�T�h�e� �u�s�e� �o�f� �t�h�i�s� �m�e�t�h�o�d�o�l�o�g�y� �i�m�p�l�i�e�s� �s�e�v�e�r�a�l� �a�s�s�u�m�p�t�i�o�n�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �a�d�e�q�u�a�c�y� �o�f� �t�h�e� 

�a�c�c�u�r�a�c�y� �e�s�t�i�m�a�t�e�s�.� �A�c�c�u�r�a�c�i�e�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �c�o�m�e� �f�r�o�m� �t�h�e� �f�u�l�l� �i�n�v�e�r�s�e� �o�f� �t�h�e� �M�M�E� 

�a�n�d� �t�o� �b�e� �a�d�j�u�s�t�e�d� �f�o�r� �c�u�r�r�e�n�t� �s�e�l�e�c�t�i�o�n�,� �a�n�d� �n�o�t� �o�n�l�y� �t�o� �r�e�f�l�e�c�t� �t�h�e� �a�m�o�u�n�t� �o�f� �d�a�t�a� 

�a�v�a�i�l�a�b�l�e�.� �H�o�w�e�v�e�r�,� �i�n� �c�u�r�r�e�n�t� �s�i�r�e� �e�v�a�l�u�a�t�i�o�n�s� �c�o�m�p�u�t�a�t�i�o�n�a�l� �l�i�m�i�t�a�t�i�o�n�s� �i�n�v�a�l�i�d�a�t�e� �t�h�e� �f�i�r�s�t� 

�a�s�s�u�m�p�t�i�o�n�;� �f�u�r�t�h�e�r�m�o�r�e�,� �a�d�j�u�s�t�m�e�n�t� �f�o�r� �s�e�l�e�c�t�i�o�n� �i�s� �n�o�t� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �p�u�b�l�i�s�h�e�d� 

�a�c�c�u�r�a�c�i�e�s� �s�i�n�c�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �v�a�r�i�a�n�c�e�s�-�c�o�v�a�r�i�a�n�c�e� �s�t�r�u�c�t�u�r�e�s� �u�n�d�e�r� �s�e�l�e�c�t�i�o�n� �a�r�e� �n�o�t� 

�a�c�c�o�u�n�t�e�d� �f�o�r� �(�D�e�k�k�e�r�s�,� �1�9�9�2�)�.� 

�P�r�e�d�i�c�t�i�o�n� �o�f� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s�:� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s�,� �g�r�o�u�p�i�n�g� �a�n�d� �a�c�c�u�r�a�c�y� �o�f� 

�e�v�a�l�u�a�t�i�o�n�.� 

�B�e�s�t� �L�i�n�e�a�r� �U�n�b�i�a�s�e�d� �P�r�e�d�i�c�t�i�o�n� �(�B�L�U�P�)� �(�H�e�n�d�e�r�s�o�n�,� �1�9�6�3�;� �H�e�n�d�e�r�s�o�n�,� �1�9�7�3�)� �i�s� 

�c�o�m�m�o�n�l�y� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �i�n� �c�u�r�r�e�n�t� �N�a�t�i�o�n�a�l� �S�i�r�e� �E�v�a�l�u�a�t�i�o�n� �(�N�S�E�)� 

�p�r�o�g�r�a�m�s� �(�H�e�n�d�e�r�s�o�n�,� �1�9�8�8�)�.� �T�h�e� �B�L�U�P� �o�f� �w� �i�s�:� 

�=� �P�R�+�C�'�V�"�'�(�y �� �X�B�)� 

�w�h�e�r�e� �B� �i�s� �t�h�e� �B�L�U�E� �o�f� �B�o�r� �B� �=� �(�X�V�}�X�)�'�X�'�V�'�}�y� �a�n�d� 

�V�=�v�a�r�(�y� �)� 

�C�=�c�o�v�(�y�,�w ��)� �a�n�d� 

�2�3



�E�(�w�)� �=� �P�B� 

�T�h�e� �c�o�m�p�u�t�a�t�i�o�n� �o�f� �B�L�U�P� �o�f� �w� �i�s� �b�a�s�e�d� �o�n� �m�i�x�e�d� �m�o�d�e�l� �e�q�u�a�t�i�o�n�s� �(�M�M�E�)�(�H�e�n�d�e�r�s�o�n�,� 

�1�9�8�4�;� �Q�u�a�a�s�,� �1�9�8�4�)�.� �S�o�l�u�t�i�o�n� �o�f� �M�M�E� �p�r�o�v�i�d�e�s� �s�i�m�u�l�t�a�n�e�o�u�s� �s�o�l�u�t�i�o�n�s� �f�o�r� �B� �a�n�d� �w� 

�w�i�t�h�o�u�t� �t�h�e� �n�e�e�d� �o�f� �c�o�m�p�u�t�i�n�g� �V�'� �(�Q�u�a�a�s�,� �1�9�8�4�)�.� �M�M�E� �w�e�r�e� �f�i�r�s�t� �r�e�p�o�r�t�e�d� �i�n� �1�9�4�9� 

�(�H�e�n�d�e�r�s�o�n�,� �1�9�4�9�)� �a�n�d�,� �a�s� �e�m�p�h�a�s�i�z�e�d� �b�y� �H�e�n�d�e�r�s�o�n� �(�1�9�9�0�)�,� �t�h�e�y� �a�t�t�e�m�p�t�e�d� �t�o� �c�o�m�b�i�n�e� 

�G�e�n�e�r�a�l�i�z�e�d� �L�e�a�s�t� �S�q�u�a�r�e�s� �(�G�L�S�)� �t�o� �e�s�t�i�m�a�t�e� �f�i�x�e�d� �e�f�f�e�c�t�s� �w�i�t�h� �t�h�e� �d�e�s�i�r�a�b�l�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �S�e�l�e�c�t�i�o�n� �I�n�d�e�x� �.� 

�M�M�E� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �u�s�e�d� �i�n� �1�9�7�0� �f�o�r� �A�I� �d�a�i�r�y� �s�i�r�e� �e�v�a�l�u�a�t�i�o�n� �(�H�e�n�d�e�r�s�o�n�,� �1�9�9�0�)�;� �a� �f�e�w� 

�y�e�a�r�s� �l�a�t�e�r� �t�h�i�s� �m�e�t�h�o�d�o�l�o�g�y� �w�a�s� �i�m�p�l�e�m�e�n�t�e�d� �i�n� �b�e�e�f� �N�S�E� �p�r�o�g�r�a�m�s� �(�B�e�r�g�e�r�,� �1�9�8�3�;� 

�B�e�n�y�s�h�e�k�,� �1�9�8�7�)�.� �T�h�e� �f�i�r�s�t� �m�o�d�e�l� �u�s�e�d� �i�n� �N�S�E� �w�a�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e�  ��c�o�n�t�e�m�p�o�r�a�r�y� 

�g�r�o�u�p�-�s�i�r�e� �m�o�d�e�l�'�:� 

�y�=�X�B�+�Z�u�t�+�e� 

�w�h�e�r�e� �y� �i�s� �t�h�e� �v�e�c�t�o�r� �o�f� �o�b�s�e�r�v�a�t�i�o�n�s�,� �B� �i�s� �t�h�e� �v�e�c�t�o�r� �o�f� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� 

�c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n�s� �b�y� �t�h�e� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �X�,� �u�w� �i�s� �t�h�e� 

�v�e�c�t�o�r� �o�f� �s�i�r�e�s� �e�f�f�e�c�t�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n�s� �b�y� �t�h�e� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �Z� �a�n�d� �e� �i�s� 

�t�h�e� �v�e�c�t�o�r� �o�f� �r�a�n�d�o�m� �e�r�r�o�r�s�.� 

�y�|� �|� �X�B� �y�|� �|�Z�'�G�Z�+�R� �G�Z� �R� 

�E�l�u�j�=�|� �0� �a�n�d� �v�a�r�|� �u� �|�=� �Z�'�G� �Z�'�G�Z� �0� 

�0� �e� �R� �0� �R� 

�T�h�e� �m�o�d�e�l� �r�e�q�u�i�r�e�d� �s�e�v�e�r�a�l� �a�s�s�u�m�p�t�i�o�n�s� �t�o� �r�e�s�u�l�t� �i�n� �u�n�b�i�a�s�e�d� �p�r�e�d�i�c�t�o�r�s� �o�f� �B�V�:� �s�i�r�e�s� �w�e�r�e� 

�c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �r�a�n�d�o�m�l�y� �m�a�t�e�d� �t�o� �c�o�w�s�,� �c�o�w�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �o�n�l�y� �o�n�e� �p�r�o�g�e�n�y� 

�i�n� �t�h�e� �d�a�t�a� �s�e�t�,� �n�o� �g�e�n�e�t�i�c� �t�r�e�n�d� �w�a�s� �a�s�s�u�m�e�d� �t�o� �e�x�i�s�t� �a�n�d� �p�r�o�g�e�n�y� �o�f� �s�i�r�e�s� �w�e�r�e� �a�s�s�u�m�e�d� 
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�t�o� �b�e� �s�i�m�i�l�a�r�l�y� �t�r�e�a�t�e�d� �w�i�t�h�i�n� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �(�i�.�e�.�,� �n�o� �p�r�e�f�e�r�e�n�t�i�a�l� �t�r�e�a�t�m�e�n�t�)�.� �T�h�e�s�e� 

�a�s�s�u�m�p�t�i�o�n�s� �m�i�g�h�t� �h�a�v�e� �b�e�e�n� �m�e�t� �i�n� �t�h�e� �e�a�r�l�y� �1�9�7�0�'�s� �b�u�t� �c�e�r�t�a�i�n�l�y� �a�r�e� �n�o�t� �a�p�p�l�i�c�a�b�l�e� �t�o� 

�c�u�r�r�e�n�t� �b�e�e�f� �c�a�t�t�l�e� �d�a�t�a� �b�a�s�e�s� �(�B�e�n�y�s�h�e�k�,� �1�9�8�7�;� �B�e�n�y�s�h�e�k� �e�t� �a�l�.�,� �1�9�8�8�)�.� 

�N�e�w� �e�v�e�n�t�s� �t�o�o�k� �p�l�a�c�e� �i�n� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �M�i�x�e�d� �M�o�d�e�l� �m�e�t�h�o�d�o�l�o�g�y� �t�h�a�t� �w�e�r�e� 

�l�a�t�e�r� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n� �N�S�E�.� �H�e�n�d�e�r�s�o�n� �(�1�9�7�6�)� �d�e�r�i�v�e�d� �t�h�e� �d�i�r�e�c�t� �c�o�m�p�u�t�a�t�i�o�n� �o�f� �t�h�e� 

�i�n�v�e�r�s�e� �o�f� �W�r�i�g�h�t�'�s� �n�u�m�e�r�a�t�o�r� �r�e�l�a�t�i�o�n�s�h�i�p� �m�a�t�r�i�x�,� �A�.� �T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �t�h�e� �A� �m�a�t�r�i�x� 

�a�l�l�o�w�e�d� �g�r�e�a�t�e�r� �u�s�e� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �r�e�l�a�t�i�v�e�s�,� �a�c�c�o�m�m�o�d�a�t�i�o�n� �o�f� �i�n�b�r�e�e�d�i�n�g� �a�n�d� 

�a�c�c�o�u�n�t�i�n�g� �f�o�r� �g�e�n�e�t�i�c� �t�r�e�n�d� �(�K�e�n�n�e�d�y� �e�t� �a�l�.�,� �1�9�8�8�)�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �m�a�t�r�i�x� �w�a�s� �f�i�r�s�t� 

�i�n�c�o�r�p�o�r�a�t�e�d� �i�n� �N�S�E� �i�n� �1�9�8�3�.� 

�H�e�n�d�e�r�s�o�n� �a�n�d� �Q�u�a�a�s� �(�1�9�7�6�)� �i�n�i�t�i�a�l�l�y� �d�e�s�c�r�i�b�e�d� �t�h�e� �m�o�d�e�l� �w�h�i�c�h� �c�o�m�b�i�n�e�d� �o�w�n� �r�e�c�o�r�d�s� �o�f� 

�i�n�d�i�v�i�d�u�a�l�s� �w�i�t�h� �r�e�c�o�r�d�s� �o�f� �r�e�l�a�t�i�v�e�s� �t�o� �o�b�t�a�i�n� �B�L�U�P� �o�f� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �w�h�e�n� �a� �n�u�m�b�e�r� �o�f� 

�t�r�a�i�t�s� �w�e�r�e� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �e�v�a�l�u�a�t�e�d�.� �T�h�i�s� �m�o�d�e�l� �w�a�s� �l�a�t�e�r� �b�a�p�t�i�z�e�d� �a�s� �t�h�e�  ��A�n�i�m�a�l� �M�o�d�e�l�!� 

�b�y� �Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k� �(�1�9�8�0�)�.� �T�h�e� �a�n�i�m�a�l� �m�o�d�e�l� �o�r�,� �m�o�r�e� �p�r�o�p�e�r�l�y� �s�a�i�d�,� �t�h�e� �a�n�i�m�a�l� �m�o�d�e�l�s�,� 

�h�a�v�e� �a� �n�u�m�b�e�r� �o�f� �d�e�s�i�r�a�b�l�e� �p�r�o�p�e�r�t�i�e�s� �t�h�a�t� �w�e�r�e� �e�x�t�e�n�s�i�v�e�l�y� �r�e�v�i�e�w�e�d� �b�y� �K�e�n�n�e�d�y� �e�t� �a�l�.� 

�(�1�9�8�8�)�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e�y� �p�r�o�d�u�c�e� �a�n� �a�d�j�u�s�t�m�e�n�t� �f�o�r� �t�h�e� �m�e�r�i�t� �o�f� �m�a�t�e�s�,� �t�h�e�r�e�f�o�r�e� �t�a�k�i�n�g� 

�a�c�c�o�u�n�t� �o�f� �t�h�e� �e�f�f�e�c�t�s� �o�f� �n�o�n�r�a�n�d�o�m� �m�a�t�i�n�g� �(�Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k�,� �1�9�8�0�;� �K�e�n�n�e�d�y� �e�t� �a�l�.�,� 

�1�9�8�8�)�.� 

�C�u�r�r�e�n�t� �s�i�r�e� �e�v�a�l�u�a�t�i�o�n� �p�r�o�g�r�a�m�s� �u�s�e� �m�u�l�t�i�t�r�a�i�t� �m�o�d�e�l�s� �t�h�a�t� �i�n�c�o�r�p�o�r�a�t�e� �a� �n�u�m�b�e�r� �o�f� 

�c�h�a�r�a�c�t�e�r�s� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �(�B�e�n�y�s�h�e�k� �e�t� �a�l�.�,� �1�9�8�8�)�.� �M�u�l�t�i�p�l�e� �t�r�a�i�t� �e�v�a�l�u�a�t�i�o�n�s� �a�c�c�o�u�n�t� �f�o�r� 

�e�f�f�e�c�t�s� �o�f� �s�e�l�e�c�t�i�o�n� �o�n� �t�h�e� �s�a�m�e� �a�n�d� �o�n� �c�o�r�r�e�l�a�t�e�d� �t�r�a�i�t�s� �(�Q�u�a�a�s�,� �1�9�8�4�;� �T�h�o�m�p�s�o�n� �a�n�d� 

�M�e�y�e�r�;� �1�9�8�6�)� �a�n�d� �i�n�c�r�e�a�s�e� �a�c�c�u�r�a�c�y� �o�f� �p�r�e�d�i�c�t�i�o�n� �(�H�e�n�d�e�r�s�o�n� �a�n�d� �Q�u�a�a�s�,� �1�9�7�6�;� �Q�u�a�a�s�,� 

�1�9�8�4�;� �T�h�o�m�p�s�o�n� �a�n�d� �M�e�y�e�r�;� �1�9�8�6�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �t�h�o�s�e� �m�o�d�e�l�s� �h�a�s� 
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�r�e�q�u�i�r�e�d� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �i�m�p�r�o�v�e�d� �c�o�m�p�u�t�a�t�i�o�n�a�l� �s�t�r�a�t�e�g�i�e�s� �(�e�.�g�.� �S�c�h�a�e�f�f�e�r� �a�n�d� �K�e�n�n�e�d�y�,� 

�1�9�8�6�;� �M�i�s�z�t�a�l� �a�n�d� �G�i�a�n�o�l�a�,� �1�9�8�7�;� �T�i�e�r� �a�n�d� �S�m�i�t�h�,� �1�9�8�9�;� �G�r�o�e�n�e�v�e�l�d� �a�n�d� �K�o�v�a�c�,� �1�9�9�0�;� 

�T�i�e�r� �a�n�d� �G�r�a�s�e�r�,� �1�9�9�1�)� �.� 

�A�p�p�r�o�x�i�m�a�t�e�l�y� �f�i�f�t�e�e�n� �b�e�e�f� �b�r�e�e�d� �a�s�s�o�c�i�a�t�i�o�n�s� �i�n� �T�h�e� �U�n�i�t�e�d� �S�t�a�t�e�s� �h�a�v�e� �s�o�m�e� �s�o�r�t� �o�f� 

�N�S�E�.� �G�e�n�e�t�i�c� �p�r�e�d�i�c�t�i�o�n�s� �i�n�v�o�l�v�e� �a� �n�u�m�b�e�r� �o�f� �c�h�a�r�a�c�t�e�r�s� �,� �i�n�c�l�u�d�i�n�g� �g�r�o�w�t�h� �(�b�i�r�t�h� �w�e�i�g�h�t�,� 

�w�e�a�n�i�n�g� �w�e�i�g�h�t� �a�n�d� �m�a�t�u�r�e� �w�e�i�g�h�t�)�,� �m�i�l�k�,� �c�a�l�v�i�n�g� �e�a�s�e�,� �s�c�r�o�t�a�l� �c�i�r�c�u�m�f�e�r�e�n�c�e� �a�n�d� 

�y�e�a�r�l�i�n�g� �a�n�d� �m�a�t�u�r�e� �h�i�p� �h�e�i�g�h�t�s�.� 

�M�o�d�e�l� �f�o�r� �p�r�e�d�i�c�t�i�o�n� �o�f� �m�a�t�e�r�n�a�l� �t�r�a�i�t�s� 

�M�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �h�a�v�e� �b�e�e�n� �o�f� �i�n�t�e�r�e�s�t� �t�o� �a�n�i�m�a�l� �b�r�e�e�d�e�r�s� �s�i�n�c�e� �t�h�e� �e�a�r�l�y� �y�e�a�r�s� �o�f� �a�n�i�m�a�l� 

�b�r�e�e�d�i�n�g� �a�s� �a� �d�i�s�c�i�p�l�i�n�e�.� �D�i�c�k�e�r�s�o�n� �(�1�9�4�7�)� �d�i�s�c�u�s�s�e�d� �d�i�f�f�e�r�e�n�t� �b�i�o�m�e�t�r�i�c�a�l� �a�s�p�e�c�t�s� �o�f� 

�m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s�.� �S�u�b�s�e�q�u�e�n�t�l�y�,� �K�e�m�p�t�h�o�r�n�e� �(�1�9�5�5�)�,� �W�i�l�l�h�a�m� �(�1�9�6�3�,� �1�9�7�2�)� �a�n�d� �F�a�l�c�o�n�e�r� 

�(�1�9�6�5�)� �p�r�o�p�o�s�e�d� �l�i�n�e�a�r� �m�o�d�e�l�s� �t�o� �e�x�p�l�a�i�n�e�d� �a�c�t�i�o�n�s� �o�f� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s�.� �M�o�r�e� �r�e�c�e�n�t�l�y�,� 

�e�x�t�e�n�s�i�v�e� �e�f�f�o�r�t� �h�a�s� �b�e�e�n� �m�a�d�e� �t�o�w�a�r�d� �t�h�e� �e�s�t�i�m�a�t�i�o�n� �(�T�h�o�m�p�s�o�n�,� �1�9�7�6�;� �H�o�h�e�n�b�o�k�e�n� �a�n�d� 

�B�r�i�n�k�s�,� �1�9�7�1�;� �K�o�c�h�,� �1�9�7�2�;� �F�o�u�l�l�e�y� �a�n�d� �L�e�f�f�o�r�t�,� �1�9�7�8�;� �C�a�n�t�e�t� �e�t� �a�l�.�,� �1�9�8�8�;� �C�a�n�t�e�t�,� �1�9�9�0�;� 

�M�e�y�e�r�,� �1�9�9�2�)� �a�n�d� �p�r�e�d�i�c�t�i�o�n� �(�V�a�n� �V�l�e�c�k�,� �1�9�7�0�;� �Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k�,� �1�9�8�0�;� �Q�u�a�a�s�,� �1�9�8�4�;� 

�H�e�n�d�e�r�s�o�n�,� �1�9�8�8�;� �B�e�n�y�s�h�e�k� �e�t� �a�l�.�,� �1�9�8�8�;� �V�a�n� �V�l�e�c�k�,� �1�9�9�0�)� �o�f� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s�.� �A�s� �a� 

�r�e�s�u�l�t�,� �m�o�s�t� �N�C�E� �p�r�o�g�r�a�m�s� �p�r�o�v�i�d�e� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �s�i�r�e�s �� �g�r�o�w�t�h� �a�n�d� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� 

�v�a�l�u�e�s� �f�o�r� �w�e�a�n�i�n�g� �w�e�i�g�h�t�.� �M�o�s�t� �b�e�e�f� �c�a�t�t�l�e� �g�e�n�e�t�i�c� �e�v�a�l�u�a�t�i�o�n� �r�e�p�o�r�t�s� �p�r�o�v�i�d�e� �t�w�o� �t�r�a�i�t�s� 

�r�e�l�a�t�e�d� �t�o� �m�a�t�e�r�n�a�l� �p�e�r�f�o�r�m�a�n�c�e� �a�t� �w�e�a�n�i�n�g�.� �T�h�e� �f�i�r�s�t� �o�n�e� �i�s� �m�a�t�e�r�n�a�l� �m�i�l�k�,� �w�h�i�c�h� �r�e�f�e�r�s� 

�t�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �o�f� �s�i�r�e�s�'� �d�a�u�g�h�t�e�r�s� �c�a�l�v�e�s� �d�u�e� �e�x�c�l�u�s�i�v�e�l�y� �t�o� �n�e�t� �m�a�t�e�r�n�a�l� 

�a�b�i�l�i�t�y�,� �m�o�s�t�l�y� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� �(�A�P�H�A�,� �1�9�9�2�;� �A�A�A�,� �1�9�9�1�;� �A�S�A�,� �1�9�9�1� �)�.� �T�h�e� �s�e�c�o�n�d� �i�s� 

�u�s�u�a�l�l�y� �r�e�f�e�r�r�e�d� �t�o� �a�s� �m�a�t�e�r�n�a�l� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �(�M�A�T�)� �o�r� �t�o�t�a�l� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�.� �T�h�i�s� 

�m�e�a�s�u�r�e� �i�n�c�l�u�d�e�s� �g�e�n�e�t�i�c� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �a�n�d� �g�e�n�e�t�i�c� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �g�r�o�w�t�h� 

�p�o�t�e�n�t�i�a�l� �t�r�a�n�s�m�i�t�t�e�d� �f�r�o�m� �s�i�r�e� �t�o� �g�r�a�n�d�p�r�o�g�e�n�y� �v�i�a� �t�h�e�i�r� �d�a�m�s�.� 
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�M�a�n�y� �t�r�a�i�t�s� �e�x�p�r�e�s�s�e�d� �e�a�r�l�y� �i�n� �l�i�f�e� �a�r�e� �e�n�v�i�r�o�n�m�e�n�t�a�l�l�y� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �d�a�m�,� �e�s�p�e�c�i�a�l�l�y� �i�n� 

�s�p�e�c�i�e�s� �w�h�e�r�e� �p�r�o�g�e�n�y� �a�r�e� �s�u�c�k�l�e�d� �b�y� �t�h�e� �d�a�m�.� �W�e�a�n�i�n�g� �w�e�i�g�h�t� �i�s� �t�h�u�s� �a� �j�o�i�n�t� �e�x�p�r�e�s�s�i�o�n� 

�o�f� �a�t� �l�e�a�s�t� �t�w�o� �g�e�n�e�t�i�c� �v�a�l�u�e�s�,� �a� �d�i�r�e�c�t� �v�a�l�u�e� �f�o�r� �g�r�o�w�t�h� �o�f� �t�h�e� �c�a�l�f� �a�n�d� �a� �m�a�t�e�r�n�a�l� �g�e�n�e�t�i�c� 

�v�a�l�u�e� �f�o�r� �t�h�e� �d�a�m�s� �(�W�i�l�l�h�a�m�,� �1�9�6�3�)�.� �D�a�m�s� �p�a�s�s� �a� �s�a�m�p�l�e� �h�a�l�f� �o�f� �t�h�e�i�r� �g�e�n�e�s� �t�o� �t�h�e�i�r� 

�o�f�f�s�p�r�i�n�g� �a�n�d� �a�d�d�i�t�i�o�n�a�l�l�y� �e�x�p�r�e�s�s� �t�h�e�i�r� �o�w�n� �m�a�t�e�r�n�a�l� �g�e�n�e�t�i�c� �v�a�l�u�e� �i�n� �t�h�e� �w�e�i�g�h�t� �o�f� �t�h�e�i�r� 

�p�r�o�g�e�n�y�.� �T�h�e�r�e�f�o�r�e�,� �t�r�a�i�t�s� �t�h�a�t� �a�r�e� �m�a�t�e�r�n�a�l�l�y� �i�n�f�l�u�e�n�c�e�d� �s�u�c�h� �a�s� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �a�r�e� �a� 

�j�o�i�n�t� �e�x�p�r�e�s�s�i�o�n� �o�f� �t�w�o� �p�h�e�n�o�t�y�p�e�s�:� �t�h�e� �p�h�e�n�o�t�y�p�e� �o�f� �t�h�e� �c�a�l�f� �f�o�r� �g�r�o�w�t�h� �a�n�d� �t�h�e� 

�p�h�e�n�o�t�y�p�e� �o�f� �t�h�e� �d�a�m� �f�o�r� �m�a�t�e�r�n�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �(�1�.�e�.�,� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n�)�.� �A�l�t�h�o�u�g�h� �t�h�e� �c�a�l�f� 

�p�r�o�d�u�c�i�n�g� �t�h�e� �r�e�c�o�r�d� �c�a�r�r�i�e�s� �g�e�n�e�s� �f�o�r� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �f�r�o�m� �b�o�t�h� �s�i�r�e� �a�n�d� �d�a�m�,� �t�h�e�s�e� 

�g�e�n�e�s� �w�i�l�l� �o�n�l�y� �b�e� �e�x�p�r�e�s�s�e�d� �i�f� �t�h�e� �c�a�l�f� �i�s� �f�e�m�a�l�e� �a�n�d� �l�a�t�e�r� �p�r�o�d�u�c�e�s� �p�r�o�g�e�n�y�.� �T�h�u�s�,� �t�h�e� 

�m�a�t�e�r�n�a�l� �c�o�m�p�o�n�e�n�t� �i�s� �g�e�n�e�t�i�c� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �m�o�t�h�e�r� �b�u�t� �e�n�v�i�r�o�n�m�e�n�t�a�l� �w�i�t�h� �r�e�s�p�e�c�t� 

�t�o� �o�f�f�s�p�r�i�n�g� �(�W�i�l�l�h�a�m�,� �1�9�6�3�;�1�9�7�2�;� �F�a�l�c�o�n�e�r�,� �1�9�8�9�)�.� �D�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �c�h�a�r�a�c�t�e�r�s� �m�a�y� �b�e� 

�c�o�r�r�e�l�a�t�e�d� �(�H�o�h�e�n�b�o�k�e�n� �a�n�d� �B�r�i�n�k�s�,� �1�9�7�1�;� �K�o�c�h�,� �1�9�7�2�;� �B�e�r�t�r�a�n�d� �a�n�d� �B�e�n�y�s�h�e�k�,� �1�9�8�7�;� 

�C�a�n�t�e�t� �e�t� �a�l�.�,� �1�9�8�8�;� �C�a�n�t�e�t�,� �1�9�9�0�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�a�g�n�i�t�u�d�e� �a�n�d� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�a�t� 

�c�o�r�r�e�l�a�t�i�o�n� �a�p�p�e�a�r�s� �t�o� �v�a�r�y� �f�r�o�m� �b�r�e�e�d� �t�o� �b�r�e�e�d� �(�M�e�y�e�r� �e�t� �a�l�.�,� �1�9�9�2�;� �J�o�h�n�s�o�n� �e�t� �a�l�.�,� 

�1�9�9�2�)�.� 

�A�l�t�h�o�u�g�h� �m�a�t�e�r�n�a�l� �t�r�a�i�t�s� �n�o�r�m�a�l�l�y� �c�o�n�s�t�i�t�u�t�e� �a� �p�a�r�t� �o�f� �m�o�r�e� �c�o�m�p�r�e�h�e�n�s�i�v�e� �m�u�l�t�i�t�r�a�i�t� 

�m�o�d�e�l�s�,� �w�e� �w�i�l�l� �f�o�c�u�s� �o�n� �d�i�r�e�c�t�-�m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �m�o�d�e�l�s� �w�h�e�r�e� �o�n�l�y� �w�e�a�n�i�n�g� �w�e�i�g�h�t� 

�r�e�c�o�r�d�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d�.� �T�h�e� �m�u�l�t�i�t�r�a�i�t� �a�p�p�r�o�a�c�h� �i�s� �a�n� �e�x�t�e�n�s�i�o�n� �o�f� �t�h�i�s� �m�o�d�e�l� �w�h�e�r�e� 

�g�e�n�e�t�i�c� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�r�r�e�l�a�t�i�o�n�s� �a�m�o�n�g� �a� �n�u�m�b�e�r� �o�f� �t�r�a�i�t�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �(�Q�u�a�a�s� 

�a�n�d� �P�o�l�l�a�k�,� �1�9�8�0�;� �B�e�n�y�s�h�e�k� �e�t� �a�l�.�,� �1�9�8�8�)�.� �T�h�e� �f�i�r�s�t� �f�o�r�m�a�l� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �a� �m�o�d�e�l� �i�n�c�l�u�d�i�n�g� 

�d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �w�a�s� �d�o�n�e� �b�y� �Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k� �(�1�9�8�0�)�.� �S�u�b�s�e�q�u�e�n�t�l�y�,� 

�r�e�f�e�r�e�n�c�e�s� �t�o� �t�h�i�s� �m�o�d�e�l� �h�a�v�e� �b�e�e�n� �m�a�d�e� �b�y� �H�e�n�d�e�r�s�o�n� �(�1�9�8�4�)� �a�n�d� �Q�u�a�a�s� �(�1�9�8�4�)�.� �T�h�e� 
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�m�o�d�e�l� �u�s�u�a�l�l�y� �d�e�s�c�r�i�b�e�d� �f�o�r� �p�r�e�d�i�c�t�i�o�n� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �i�s� �a�n� �a�n�i�m�a�l� 

�m�o�d�e�l� �o�r�  ��m�a�t�e�r�n�a�l� �a�n�i�m�a�l� �m�o�d�e�l�'� �(�H�e�n�d�e�r�s�o�n�,� �1�9�8�4�)�.� 

�T�h�e� �m�o�d�e�l� �f�o�r� �e�v�a�l�u�a�t�i�o�n� �i�s� �a� �g�e�n�o�t�y�p�i�c� �m�o�d�e�l� �w�h�e�r�e� �t�h�e� �a�d�d�i�t�i�v�e� �g�e�n�o�t�y�p�e� �o�f� �c�a�l�f� �a�n�d� 

�d�a�m� �a�r�e� �i�n�c�l�u�d�e�d� �a�s� �:� 

�V�i�g� �=� �P�e�j� �+� �U�g� �A�U� �+�U� �p�e� �+� �C�i�e� 

�w�h�e�r�e� �y�,�;�,� �i�s� �t�h�e� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �o�f� �t�h�e� �j�t�h� �c�a�l�f� �a�n�d� �f�x�;� �r�e�p�r�e�s�e�n�t�s� �a�l�l� �f�i�x�e�d� �e�f�f�e�c�t�s� �a�f�f�e�c�t�i�n�g� 

�y�,� �u�y� �t�e�p�r�e�s�e�n�t�s� �t�h�e� �d�i�r�e�c�t� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �o�f� �t�h�e� �j�t�h� �i�n�d�i�v�i�d�u�a�l�,� �u�,�,�,� �i�s� �t�h�e� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� 

�v�a�l�u�e� �o�f� �t�h�e� �k�t�h� �d�a�m�,� �u�,�,� �i�s� �t�h�e� �m�a�t�e�r�n�a�l� �p�e�r�m�a�n�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�f�f�e�c�t� �o�f� �t�h�e� �k�t�h� �d�a�m� 

�a�n�d� �¢�,�,� �i�s� �a� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�e�v�i�a�t�i�o�n�.� �I�n� �m�a�t�r�i�x� �n�o�t�a�t�i�o�n�:� 

�Y�H�=�X�B�+�L�Z�y�u�g� �t�+� �Z�y�l�m� �+� �Z� �p�M�,� �t�e� 
�w�h�e�r�e�,� 

�y� �i�s�a�v�e�c�t�o�r� �o�f� �w�e�a�n�i�n�g� �w�e�i�g�h�t�s� �r�e�c�o�r�d�s�;� 

�i�s� �a� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �r�e�l�a�t�e�s� �f�i�x�e�d� �e�f�f�e�c�t� �i�n� �B� �t�o� �t�h�e� �v�e�c�t�o�r� �o�f� �r�e�c�o�r�d�s� �y�;� 

�i�s� �a� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �a�s�s�o�c�i�a�t�e�s� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �v�e�c�t�o�r� �o�f� �a�d�d�i�t�i�v�e� �W
�N

� 

�d�i�r�e�c�t� �u�,�t�o� �t�h�e� �r�e�c�o�r�d�s� �i�n� �y�;� 

�Z�,�,� �i�S� �a� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �a�s�s�o�c�i�a�t�e�s� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �v�e�c�t�o�r� �o�f� �u�,�,� �t�o� �t�h�e� 

�r�e�c�o�r�d�s� 

�i�n� �y�;� 

�Z�,�,� �i�s� �a�n� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �r�e�l�a�t�e�s� �t�h�e� �v�e�c�t�o�r� �e�,�,� �t�o� �t�h�e� �r�e�c�o�r�d�s� �i�n� �y�;� 

�e� �i�s�a� �v�e�c�t�o�r� �o�f� �r�a�n�d�o�m� �r�e�s�i�d�u�a�l�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �y�;� 

�a�r�e� �v�e�c�t�o�r�s� �o�f� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t� �a�n�d� �a�d�d�i�t�i�v�e� �m�a�t�e�r�n�a�l� �r�a�n�d�o�m� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�;� 
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�u�,�,� �i�s� �v�e�c�t�o�r� �o�f� �p�e�r�m�a�n�e�n�t� �m�a�t�e�r�n�a�l� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�f�f�e�c�t�s� �o�n� �w�e�a�n�i�n�g� �w�e�i�g�h�t�s� 

�w�h�i�c�h� �a�r�e� �c�o�m�m�o�n� �t�o� �a�l�l� �p�r�o�g�e�n�y� �o�f� �a� �d�a�m�;� 

�T�h�e� �a�s�s�u�m�p�t�i�o�n�s� �r�e�g�a�r�d�i�n�g� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� �m�o�m�e�n�t�s� �o�f� �t�h�e� �r�a�n�d�o�m� �e�f�f�e�c�t�s� �a�r�e� �t�h�a�t� �m�e�a�n�s� 

�a�r�e� �n�u�l�l� �a�n�d� �t�h�a�t� �t�h�e� �w�z� �v�e�c�t�o�r�s� �a�r�e� �u�n�c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �e�.� �T�h�e� �v�a�r�i�a�n�c�e�-� �c�o�v�a�r�i�a�n�c�e�s� �m�a�t�r�i�x� 

�o�f� �u�=�(�u�,�,�,�u�,�,�)� �i�s� �e�q�u�a�l� �t�o� �G�,�®� �A�,� �w�h�e�r�e� �A� �i�s� �t�h�e� �n�u�m�e�r�a�t�o�r� �r�e�l�a�t�i�o�n�s�h�i�p� �m�a�t�r�i�x� �a�m�o�n�g� �a�l�l� 

�a�n�i�m�a�l�s� �(�d�a�m�s�,� �c�a�l�v�e�s�,� �a�n�c�e�s�t�o�r�s�)� �a�n�d� �G�,� �i�s� �a� �2�x�2� �m�a�t�r�i�x� �o�f� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �v�a�r�i�a�n�c�e�s� �a�n�d� 

�c�o�v�a�r�i�a�n�c�e�s� �(�g�)� �o�f� �t�h�e� �d�i�r�e�c�t� �(�d�)� �a�n�d� �m�a�t�e�r�n�a�l� �(�7�)� �e�f�f�e�c�t�s�:� 

�E�m�a�d� �E�m�m� �&�m�n�a�A� �L�Z�i�n�m�A� 

�6�=�6�,�0�4�-�|� �8�H� �f�o� �l�e�a� �=�|� �a�4� �f�o�n�t� 

�V�a�r�i�a�n�c�e�s�-�c�o�v�a�r�i�a�n�c�e�s� �m�a�t�r�i�c�e�s� �o�f� �t�h�e� �o�t�h�e�r� �r�a�n�d�o�m� �e�f�f�e�c�t�s�,� �u�n�c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �u� �a�r�e�:� 

�v�a�r�(�u�,�)�=�I� �O�o�,� �w�h�e�r�e� �o�O�;� �i�s� �t�h�e� �v�a�r�i�a�n�c�e� �o�f� �p�e�r�m�a�n�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�f�f�e�c�t�s�;� 

�v�a�r�(�e�)�=�I�o�?� �w�h�e�r�e� �6�?� �i�s� �t�h�e� �v�a�r�i�a�n�c�e� �o�f� �r�e�s�i�d�u�a�l�s�;� 

�T�h�e� �m�o�d�e�l� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �w�a�y� �i�m�p�l�i�e�s� �t�h�a�t� �e�a�c�h� �a�n�i�m�a�l� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �b�o�t�h� �d�i�r�e�c�t� 

�a�n�d� �m�a�t�e�r�n�a�l� �v�e�c�t�o�r�s�,� �s�o� �s�i�m�p�l�i�f�i�e�d� �i�n�v�e�r�s�i�o�n� �o�f� �t�h�e� �A� �m�a�t�r�i�x� �c�a�n� �b�e� �a�p�p�l�i�e�d�.� �V�e�c�t�o�r� �u�,� �i�s� 

�a�s�s�u�m�e�d� �t�o� �b�e� �u�n�c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �t�h�e� �o�t�h�e�r� �u� �v�e�c�t�o�r�s�.� �F�i�n�a�l�l�y�,� �u�n�c�o�r�r�e�l�a�t�e�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� 

�e�f�f�e�c�t�s� �a�r�e� �a�s�s�u�m�e�d� �a�s� �w�e�l�l�.� �T�h�e� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�c�e�s� �r�e�l�a�t�e� �r�e�c�o�r�d�s� �t�o� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �m�a�k�i�n�g� 

�t�h�e� �r�e�c�o�r�d� �(�c�a�l�v�e�s� �f�o�r� �d�i�r�e�c�t� �a�n�d� �d�a�m� �f�o�r� �m�a�t�e�r�n�a�l�)� �a�n�d� �t�h�e�n� �A� �a�l�l�o�w�s� �p�r�e�d�i�c�t�i�o�n� �o�f� �B�V� �f�o�r� 

�a�n�i�m�a�l�s� �w�i�t�h�o�u�t� �r�e�c�o�r�d�s� �f�o�r� �d�i�r�e�c�t� �o�r� �m�a�t�e�r�n�a�l� �p�e�r�f�o�r�m�a�n�c�e�s� �(�H�e�n�d�e�r�s�o�n�,� �1�9�7�7�)�.� �F�r�o�m� 

�t�h�i�s� �m�a�t�e�r�n�a�l� �a�n�i�m�a�l� �m�o�d�e�l�,� �e�s�t�i�m�a�t�e�s� �f�o�r� �d�i�r�e�c�t� �a�n�d� �n�e�t� �m�a�t�e�r�n�a�l� �(�m�i�l�k�)� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� 

�a�r�e� �o�b�t�a�i�n�e�d� �f�o�r� �a�l�l� �a�n�i�m�a�l�s�.� �T�h�e�r�e� �a�r�e� �s�o�m�e� �a�l�t�e�r�n�a�t�i�v�e� �e�q�u�i�v�a�l�e�n�t� �m�o�d�e�l�s� �(�H�e�n�d�e�r�s�o�n�,� 

�1�9�7�3�;� �Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k�,� �1�9�8�0�;� �H�e�n�d�e�r�s�o�n�,� �1�9�8�5�)� �w�h�i�c�h� �a�r�e� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� �m�o�r�e� 

�a�p�p�e�a�l�i�n�g�,� �s�i�n�c�e� �t�h�e� �b�a�s�i�c� �d�i�f�f�i�c�u�l�t�y� �o�f� �t�h�e� �p�r�e�v�i�o�u�s� �o�n�e� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �e�q�u�a�t�i�o�n�s� �t�o� �b�e� 

�s�o�l�v�e�d�.� �T�w�o� �m�o�d�e�l�s� �a�r�e� �s�a�i�d� �t�o� �b�e� �l�i�n�e�a�r�l�y� �e�q�u�i�v�a�l�e�n�t�s� �i�f� �t�h�e� �f�i�r�s�t� �a�n�d� �t�h�e� �s�e�c�o�n�d� �m�o�m�e�n�t�s� 
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�o�f� �y� �a�r�e� �t�h�e� �s�a�m�e� �(�H�e�n�d�e�r�s�o�n�,� �1�9�8�5�)�.� �A� �s�i�r�e�-�m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �m�o�d�e�l� �c�a�n� �b�e� �f�o�r�m�u�l�a�t�e�d� 

�i�n� �t�h�i�s� �w�a�y� �(�Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k�,� �1�9�8�0�)�:� 

�V�i�g� �=� �i�x�,� �+�.�5� �S�y� �+�.�2�5� �M�g�S� �4�.� �+�.�5� �M�S� �n�p� �+� �C�i�g�)� 

�w�h�e�r�e� �f�x�,� �a�r�e� �f�i�x�e�d� �e�f�f�e�c�t�s� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �m�o�d�e�l�,� �s�,�,� �i�s� �t�h�e� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�f� �t�h�e� �j�t�h� 

�s�i�r�e� �a�n�d� �m�g�s�,� �a�n�d� �m�g�s�,�,�,� �a�r�e� �t�h�e� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �o�f� �t�h�e� 

�k�t�h� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�.� 

�T�h�i�s� �m�o�d�e�l� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �a�n� �a�n�i�m�a�l� �m�o�d�e�l� �u�n�d�e�r� �c�e�r�t�a�i�n� �c�o�n�d�i�t�i�o�n�s�:� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� 

�a�r�e� �m�a�t�i�n�g� �a�t� �r�a�n�d�o�m� �w�i�t�h� �m�a�t�e�r�n�a�l� �g�r�a�n�d�a�m�s� �a�n�d� �f�r�o�m� �e�a�c�h� �m�a�t�i�n�g�,� �o�n�l�y� �o�n�e� �p�r�o�g�e�n�y� �i�s� 

�p�r�o�d�u�c�e�d�;� �g�r�a�n�d�a�m�s� �a�r�e� �u�n�r�e�l�a�t�e�d�;� �d�a�m�s� �d�o� �n�o�t� �h�a�v�e� �m�o�r�e� �t�h�a�n� �o�n�e� �p�r�o�g�e�n�y� �a�n�d� �n�o� 

�i�n�f�o�r�m�a�t�i�o�n� �o�t�h�e�r� �t�h�a�n� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �m�e�r�i�t� �i�s� �u�s�e�d� �t�o� �s�e�l�e�c�t� �m�a�t�e�s� �f�o�r� �d�a�m�s�.� �W�h�e�n� 

�d�a�m�s�'� �h�a�v�e� �t�h�e�i�r� �o�w�n� �i�n�f�o�r�m�a�t�i�o�n� �a�s� �c�a�l�v�e�s�,� �t�h�e� �g�a�m�e�t�i�c� �m�o�d�e�l� �i�s� �n�o�t� �c�o�m�p�l�e�t�e�l�y� 

�e�q�u�i�v�a�l�e�n�t� �b�e�c�a�u�s�e� �i�t� �t�r�e�a�t�s� �d�a�m�s� �a�n�d� �c�a�l�v�e�s� �a�s� �f�u�l�l� �s�i�b�s� �(�Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k�,� �1�9�8�0�)�.� �T�h�e�r�e� 

�a�r�e� �t�w�o� �r�e�p�a�r�a�m�e�t�e�r�i�z�e�d� �m�o�d�e�l�s� �w�h�i�c�h� �r�e�s�u�l�t� �i�n� �q�u�i�t�e� �d�i�f�f�e�r�e�n�t� �c�o�m�p�u�t�a�t�i�o�n�a�l� �r�e�q�u�i�r�e�m�e�n�t�s� 

�(�G�a�r�r�i�c�k� �e�t� �a�l�.�,� �1�9�8�9�)�:� 

�y�=� �X�B�+�(�Z�,�4�+�.�5�L�g�s� �M�a� �+� �L�Z� �n�g�s�H�m� �+�e� �[�1�]� 

�o�r� 

�y�=� �X�B�+�L�Z� �M�y� �+� �L�y�g�s�(� �S�u�z� �t�u�,� �+�e� �[�2�]� 

�T�h�e� �f�i�r�s�t� �f�o�r�m�u�l�a�t�i�o�n� �c�o�n�t�a�i�n�s� �a� �v�e�c�t�o�r� �o�f� �d�i�r�e�c�t� �a�n�d� �a� �v�e�c�t�o�r� �o�f� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s�,� �h�o�w�e�v�e�r� 

�t�h�e�r�e� �a�r�e� �t�w�o� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�c�e�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �d�i�r�e�c�t� �e�f�f�e�c�t�,� �o�n�e� �f�o�r� �s�i�r�e�s� �a�n�d� �o�n�e� �f�o�r� 

�m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s�.� �T�h�e� �s�e�c�o�n�d� �r�e�p�a�r�a�m�e�t�i�z�a�t�i�o�n� �c�o�n�s�i�d�e�r�e�d� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� 

�m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �a�s� �a� �w�h�o�l�e� �(�d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l�)� �w�h�i�c�h� �g�r�e�a�t�l�y� �s�i�m�p�l�i�f�i�e�s� �s�o�l�u�t�i�o�n� �o�f� �t�h�e� 
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�e�q�u�a�t�i�o�n�s� �s�i�n�c�e� �a� �l�o�t� �o�f� �z�e�r�o� �e�l�e�m�e�n�t�s� �i�n� �t�h�e� �M�i�x�e�d� �M�o�d�e�l� �c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x� �t�h�a�t� �a�r�e� 

�g�e�n�e�r�a�t�e�d� �i�n� �1� �a�r�e� �a�v�o�i�d�e�d� �i�n� �2�.� �T�h�e� �f�i�r�s�t� �e�x�p�r�e�s�s�i�o�n� �l�e�a�d�s� �t�o� �s�e�p�a�r�a�t�e� �p�r�e�d�i�c�t�o�r�s� �f�o�r� �d�i�r�e�c�t� 

�a�n�d� �n�e�t� �m�a�t�e�r�n�a�l� �t�r�a�n�s�m�i�t�t�i�n�g� �a�b�i�l�i�t�i�e�s� �w�h�e�r�e�a�s� �t�h�e� �s�e�c�o�n�d� �o�n�e� �p�r�o�d�u�c�e�s� �e�s�t�i�m�a�t�e�s� �o�f� �s�i�r�e�s�'� 

�d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s�'� �t�o�t�a�l� �m�a�t�e�r�n�a�l� �t�r�a�n�s�m�i�t�t�i�n�g� �a�b�i�l�i�t�i�e�s�.� 

�I�n� �t�h�i�s� �s�e�c�t�i�o�n� �d�i�f�f�e�r�e�n�t� �m�o�d�e�l�s� �f�o�r� �e�v�a�l�u�a�t�i�o�n� �o�f� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �h�a�v�e� �b�e�e�n� �s�u�m�m�a�r�i�z�e�d�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �f�i�n�a�l� �d�e�c�i�s�i�o�n� �o�n� �w�h�i�c�h� �m�o�d�e�l� �t�o� �c�h�o�o�s�e� �w�i�l�l� �d�e�p�e�n�d� �u�p�o�n� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� 

�t�h�a�t� �c�a�n� �b�e� �m�a�d�e� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �p�o�p�u�l�a�t�i�o�n� �a�s� �w�e�l�l� �a�s� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �f�a�c�i�l�i�t�i�e�s� �t�h�a�t� �a�r�e� 

�a�v�a�i�l�a�b�l�e�.� 

�G�r�o�u�p�i�n�g� 

�I�n� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �o�f� �B�L�U�P�,� �a� �f�r�e�q�u�e�n�t� �a�s�s�u�m�p�t�i�o�n� �1�s� �t�h�a�t� �E�(�«�)�=�0� �w�h�i�c�h� �i�m�p�l�i�e�s� �t�h�a�t� �a�l�l� 

�a�n�i�m�a�l�s� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �d�e�s�c�e�n�d�e�d� �f�r�o�m� �t�h�e� �s�a�m�e� �u�n�s�e�l�e�c�t�e�d� �b�a�s�e� �p�o�p�u�l�a�t�i�o�n� �a�n�d� �t�h�a�t� 

�i�n�f�o�r�m�a�t�i�o�n� �u�s�e�d� �i�n� �t�h�e� �s�e�l�e�c�t�i�o�n� �p�r�o�c�e�s�s� �i�s� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �(�H�e�n�d�e�r�s�o�n�,� �1�9�8�4�;� 

�Q�u�a�a�s�,� �1�9�8�4�;� �Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k�;� �1�9�8�7�)�.� 

�T�h�e� �m�a�i�n� �o�b�j�e�c�t�i�v�e� �o�f� �a�s�s�i�g�n�i�n�g� �a�n�i�m�a�l�s� �t�o� �d�i�f�f�e�r�e�n�t� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �i�s� �t�o� �a�v�o�i�d� �b�i�a�s� �i�n� 

�b�r�e�e�d�i�n�g� �v�a�l�u�e� �e�s�t�i�m�a�t�i�o�n� �d�u�e� �t�o� �g�e�n�e�t�i�c� �t�r�e�n�d�,� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �g�e�n�e�t�i�c�a�l�l�y� �d�i�s�t�i�n�c�t� 

�s�u�b�p�o�p�u�l�a�t�i�o�n�s� �a�n�d�/�o�r� �s�e�l�e�c�t�i�o�n� �p�a�t�t�e�r�n�s� �(�H�e�n�d�e�r�s�o�n�,� �1�9�7�3�;� �H�e�n�d�e�r�s�o�n�,� �1�9�8�4�;� �Q�u�a�a�s�,� 

�1�9�8�4�;� �W�e�s�t�e�l�l� �e�t� �a�l�.�,� �1�9�8�8�)�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �g�e�n�e�t�i�c� �g�r�o�u�p�i�n�g� 

�t�h�e�o�r�e�t�i�c�a�l�l�y� �w�o�u�l�d� �n�o�t� �b�e� �i�n�d�i�s�p�e�n�s�a�b�l�e� �(�Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k�,� �1�9�8�3�)� �i�f� �c�o�m�p�l�e�t�e� �p�e�d�i�g�r�e�e� 

�i�n�f�o�r�m�a�t�i�o�n� �i�s� �a�v�a�i�l�a�b�l�e� �l�i�n�k�i�n�g� �a�n�i�m�a�l�s� �t�o� �a�n� �u�n�s�e�l�e�c�t�e�d� �b�a�s�e� �p�o�p�u�l�a�t�i�o�n�.� �I�n� �c�u�r�r�e�n�t� 

�p�o�p�u�l�a�t�i�o�n�s�,� �p�e�d�i�g�r�e�e�s� �a�r�e� �n�e�c�e�s�s�a�r�i�l�y� �f�i�n�i�t�e� �a�n�d� �i�n� �m�a�n�y� �c�a�s�e�s� �n�o�t� �c�o�m�p�l�e�t�e� �(�Q�u�a�a�s�,� 

�1�9�8�8�)�.� �A�n�i�m�a�l� �g�r�o�u�p�i�n�g� �i�s� �o�f�t�e�n� �a� �s�u�b�j�e�c�t�i�v�e� �a�c�t�i�v�i�t�y� �(�Q�u�a�a�s�,� �1�9�8�8�)�,� �a�n�d� �i�n� �m�a�n�y� �c�a�s�e�s� 

�g�r�o�u�p�i�n�g� �r�e�s�u�l�t�s� �i�n� �a�r�b�i�t�r�a�r�y� �d�e�c�i�s�i�o�n�s� �s�i�n�c�e� �n�o� �s�i�n�g�l�e� �c�r�i�t�e�r�i�o�n� �t�o� �d�e�f�i�n�e� �g�r�o�u�p� �e�f�f�e�c�t�s� �i�s� 

�3�1



�g�e�n�e�r�a�l�l�y� �a�c�c�e�p�t�e�d� �(�R�o�b�i�n�s�o�n�,� �1�9�8�6�)�.� �H�o�w�e�v�e�r�,� �a�n�y� �c�r�i�t�e�r�i�o�n� �t�h�a�t� �a�l�l�o�w�s� �o�n�e� 

�s�u�b�p�o�p�u�l�a�t�i�o�n� �t�o� �b�e� �d�i�s�t�i�n�g�u�i�s�h�e�d� �f�r�o�m� �a�n�o�t�h�e�r� �m�a�y� �b�e� �v�a�l�i�d� �(�Q�u�a�a�s�,� �1�9�8�4�)�.� 

�T�h�e�r�e� �a�r�e� �t�w�o� �g�e�n�e�r�a�l� �a�p�p�r�o�a�c�h�e�s� �t�o� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �g�e�n�e�t�i�c� �g�r�o�u�p�s�:� 

�1� �-� �G�e�n�e�t�i�c� �g�r�o�u�p�s� �m�o�d�e�l� �(�H�e�n�d�e�r�s�o�n�,� �1�9�6�9�;� �1�9�7�3�;� �T�o�n�g� �e�t� �a�l�.�,� �1�9�8�0�;� �Q�u�a�a�s�,� �1�9�8�4�)�:� �i�n� 

�t�h�i�s� �m�o�d�e�l� �s�i�r�e�s� �a�r�e� �a�s�s�i�g�n�e�d� �t�o� �g�r�o�u�p�s� �g�e�n�e�r�a�l�l�y� �d�e�f�i�n�e�d� �a�s� �s�t�u�d�-�r�e�g�i�o�n�-�y�e�a�r� �o�f� �b�i�r�t�h� 

�c�o�m�b�i�n�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �s�t�r�a�t�e�g�y� �h�a�s� �t�w�o� �i�n�h�e�r�e�n�t� �p�r�o�b�l�e�m�s� �i�n� �t�h�a�t� �i�t� �d�o�e�s� �n�o�t� 

�a�c�c�o�u�n�t� �f�o�r� �t�h�e� �i�n�h�e�r�i�t�a�n�c�e� �o�f� �t�h�e� �g�r�o�u�p� �v�a�l�u�e� �(�T�h�o�m�p�s�o�n�,� �1�9�7�9�)� �a�n�d� �m�i�g�h�t� �p�r�o�d�u�c�e� �f�u�l�l� 

�s�i�b� �s�i�r�e�s� �i�n� �d�i�f�f�e�r�e�n�t� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �(�R�o�b�i�n�s�o�n�,� �1�9�8�6�)�.� 

�2� �-� �A�c�c�u�m�u�l�a�t�e�d� �g�r�o�u�p�s� �m�o�d�e�l� �:� �t�h�i�s� �m�o�d�e�l� �w�a�s� �f�i�r�s�t� �m�e�n�t�i�o�n�e�d� �b�y� �T�h�o�m�p�s�o�n� �(�1�9�7�9�)� �i�n� 

�t�h�e� �c�a�s�e� �o�f� �a� �s�i�r�e� �m�o�d�e�l� �w�h�o� �e�x�p�r�e�s�s�e�d� �t�h�e� �s�i�r�e� �e�f�f�e�c�t� �a�s� �a�  ��a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �i�n�d�e�p�e�n�d�e�n�t� 

�t�e�r�m�s� �f�r�o�m� �i�t�s� �a�n�c�e�s�t�o�r�s� �a�n�d� �i�t�s�e�l�f ��.� �A� �f�u�r�t�h�e�r� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�i�s� �g�r�o�u�p�i�n�g� �s�t�r�a�t�e�g�y� �w�a�s� 

�u�n�d�e�r�t�a�k�e�n� �b�y� �d�i�f�f�e�r�e�n�t� �a�u�t�h�o�r�s� �t�o� �e�x�t�e�n�d� �i�t� �t�o� �a�n�i�m�a�l� �m�o�d�e�l�s� �(�R�o�b�i�n�s�o�n�,� �1�9�8�6�;� �W�e�s�t�e�l�l� �e�t� 

�a�l�.�,� �1�9�8�4�,� �1�9�8�8�)�.� �W�e�s�t�e�l�l� �e�t� �a�l�.� �(�1�9�8�8�)� �f�o�r�m�a�l�i�z�e�d� �i�n�c�l�u�s�i�o�n� �o�f� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �m�a�t�r�i�x� �A� 

�t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� �g�r�o�u�p� �d�e�f�i�n�i�t�i�o�n�s�.� �G�e�n�e�t�i�c� �g�r�o�u�p�s� �a�r�e� �f�o�r�m�e�d� �b�y� �a�s�s�i�g�n�i�n�g� �u�n�k�n�o�w�n� 

�p�a�r�e�n�t�s� �(�b�a�s�e� �i�n�d�i�v�i�d�u�a�l�)� �o�f� �k�n�o�w�n� �i�n�d�i�v�i�d�u�a�l�s� �i�n� �t�h�e� �p�e�d�i�g�r�e�e� �(�W�e�s�t�e�l�l� �e�t� �a�l�.�,� �1�9�8�8�;� �Q�u�a�a�s� 

�1�9�8�8�)� �t�o� �g�r�o�u�p�s�.� �I�n� �t�h�i�s� �c�o�n�t�e�x�t�,� �e�a�c�h� �g�r�o�u�p� �e�f�f�e�c�t� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �a�v�e�r�a�g�e� �o�f� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �b�a�s�e� �p�o�p�u�l�a�t�i�o�n�.� �T�o� �g�e�n�e�r�a�t�e� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �f�r�o�m� �t�h�e� �d�a�t�a� �i�n� �t�h�i�s� �w�a�y� 

�s�e�e�m�s� �t�o� �b�e� �m�o�r�e� �o�b�j�e�c�t�i�v�e�,� �e�s�p�e�c�i�a�l�l�y� �b�e�c�a�u�s�e� �r�e�l�a�t�i�o�n�s�h�i�p� �a�r�e� �u�s�e�d� �(�T�h�o�m�p�s�o�n�,� �1�9�7�9� �)� 

�a�n�d� �o�n�l�y� �u�n�k�n�o�w�n� �p�a�r�e�n�t�s� �a�r�e� �a�s�s�i�g�n�e�d� �t�o� �g�r�o�u�p�s� �(�Q�u�a�a�s�,� �1�9�8�8�)�.� �S�e�v�e�r�a�l� �c�r�i�t�e�r�i�a� �h�a�v�e� 

�b�e�e�n� �u�s�e�d� �t�o� �d�e�f�i�n�e� �g�r�o�u�p� �e�f�f�e�c�t�s� �s�u�c�h� �a�s� �t�i�m�e� �p�e�r�i�o�d� �a�n�d� �s�e�l�e�c�t�i�o�n� �p�a�t�h� �(�R�o�b�i�n�s�o�n�,� �1�9�8�6�;� 

�W�e�s�t�e�l�l� �e�t� �a�l�.�,� �1�9�8�4�;�1�9�8�8�)� �a�n�d� �d�i�f�f�e�r�e�n�t� �b�r�e�e�d�s� �(�S�w�a�n�,� �1�9�9�2�;� �V�a�n� �V�l�e�c�k� �e�t� �a�l�.�,� �1�9�9�2�)�.� �T�h�e� 

�i�n�c�l�u�s�i�o�n� �o�f� �a�c�c�u�m�u�l�a�t�e�d� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �o�n�l�y� �i�n�t�r�o�d�u�c�e�s� �a� �s�m�a�l�l� �c�h�a�n�g�e� �t�o� �t�h�e� �M�M�E� 

�w�h�e�r�e� �A�-�!� �i�s� �r�e�p�l�a�c�e�d� �b�y� �W�-�!� �w�h�i�c�h� �c�a�n� �b�e� �f�o�r�m�e�d� �b�y� �a� �s�m�a�l�l� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �H�e�n�d�e�r�s�o�n�'�s� 

�r�u�l�e�s� �t�o� �c�o�n�s�t�r�u�c�t� �A�-�!� �b�e�c�a�u�s�e� �g�r�o�u�p�s� �a�r�e� �t�r�e�a�t�e�d� �a�s� �f�i�x�e�d� �r�a�t�h�e�r� �t�h�a�t� �r�a�n�d�o�m� �(�W�e�s�t�e�l�l� �e�t� 

�a�l�.� �1�9�8�4�,�1�9�8�8�)�.� 

�3�2



�V�a�n� �V�l�e�c�k� �e�x�t�e�n�d�e�d� �g�e�n�e�t�i�c� �g�r�o�u�p�i�n�g� �t�h�e�o�r�y� �t�o� �a�c�c�o�m�m�o�d�a�t�e� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s�.� �W�h�e�n� 

�m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �a�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �m�o�d�e�l�,� �n�e�w� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �i�n� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �W� 

�m�u�s�t� �b�e� �a�d�d�r�e�s�s�e�d�,� �s�i�n�c�e� �o�n�e� �m�o�r�e� �a�n�c�e�s�t�o�r� �g�e�n�e�r�a�t�i�o�n� �i�s� �r�e�q�u�i�r�e�d� �t�o� �a�c�c�o�m�m�o�d�a�t�e� �t�h�e� 

�m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �o�f� �t�h�e� �m�o�s�t� �r�e�c�e�n�t� �f�e�m�a�l�e� �a�n�c�e�s�t�o�r� �w�i�t�h�o�u�t� �r�e�c�o�r�d�s� �(�V�a�n� �V�l�e�c�k�,� �1�9�9�0�)�.� 

�V�a�n� �V�l�e�c�k� �(�1�9�9�0�)� �r�e�c�o�m�m�e�n�d�e�d� �a�s�s�i�g�n�i�n�g� �e�v�e�r�y� �u�n�k�n�o�w�n� �p�a�r�e�n�t� �t�o� �t�h�e� �s�a�m�e� �g�r�o�u�p� �f�o�r� 

�d�i�r�e�c�t� �a�n�d� �f�o�r� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� �d�i�f�f�e�r�e�n�t� �g�e�n�e�t�i�c� �t�r�e�n�d�s� �f�o�r� �b�o�t�h� �c�h�a�r�a�c�t�e�r�s� 

�(�d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l�)� �o�n� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� �B�e�n�y�s�h�e�k� �e�t� �a�l�.� �(�1�9�8�8�)� 

�a�n�d� �C�a�n�t�e�t� �(�1�9�9�0�)�.� �I�f� �s�o�,� �a� �d�i�f�f�e�r�e�n�t�i�a�l� �g�r�o�u�p�i�n�g� �w�o�u�l�d� �b�e� �j�u�s�t�i�f�i�a�b�l�e� �(�C�a�n�t�e�t� �1�9�9�0�;� �C�a�n�t�e�t� 

�e�t� �a�l�.�,� �1�9�9�2�)�.� 

�A� �r�e�m�a�r�k� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �t�r�e�a�t�m�e�n�t� �o�f� �g�r�o�u�p� �e�f�f�e�c�t�s� �i�n� �t�h�e� �m�o�d�e�l�s� �n�e�e�d�s� �t�o� �b�e� �m�a�d�e�.� 

�G�r�o�u�p� �e�f�f�e�c�t�s� �a�r�e� �t�r�a�d�i�t�i�o�n�a�l�l�y� �t�r�e�a�t�e�d� �a�s� �f�i�x�e�d� �e�f�f�e�c�t�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �a�r�e� �n�o�t� �e�s�t�i�m�a�b�l�e�;� 

�i�n�s�t�e�a�d� �o�n�l�y� �d�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� �t�h�e�m� �t�y�p�i�c�a�l�l�y� �a�r�e� �e�s�t�i�m�a�b�l�e�.� �T�h�e�r�e�f�o�r�e�,� �i�n� �a� �m�o�d�e�l� 

�c�o�n�t�a�i�n�i�n�g� �g�e�n�e�t�i�c� �g�r�o�u�p�s�,� �t�h�e� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �o�f� �a�n� �a�n�i�m�a�l� �i�s� �n�o�t� �p�r�e�d�i�c�t�a�b�l�e� �b�u�t� 

�d�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� �a�n�i�m�a�l�s �� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�r�e� �(�Q�u�a�a�s�,� �1�9�8�4�;� �Q�u�a�a�s�,� �1�9�8�8�)�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �v�a�l�i�d�i�t�y� �o�f� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �m�a�d�e� �a�b�o�u�t� �t�h�e� �n�a�t�u�r�e� �o�f� �g�r�o�u�p� �e�f�f�e�c�t�s� �m�u�s�t� �b�e� �c�a�r�e�f�u�l�l�y� 

�c�o�n�s�i�d�e�r�e�d� �(�Q�u�a�a�s� �a�n�d� �P�o�l�l�a�k�,� �1�9�8�3�)� �a�n�d� �n�e�e�d�s� �f�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

�C�o�n�s�e�q�u�e�n�c�e�s� �o�f� �i�g�n�o�r�i�n�g� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �i�n� �s�i�r�e� �e�v�a�l�u�a�t�i�o�n� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �b�y� �T�o�n�g� �e�t� 

�a�l�.� �(�1�9�8�0�)� �a�n�d� �K�e�n�n�e�d�y� �(�1�9�8�1�)�.� �U�n�d�e�r� �t�h�e� �t�r�u�e� �m�o�d�e�l� �(�m�o�d�e�l� �i�n�c�l�u�d�i�n�g� �g�e�n�e�t�i�c� �g�r�o�u�p�s�)�,� 

�t�h�e� �m�e�a�n� �s�q�u�a�r�e� �e�r�r�o�r� �(�M�S�E�)� �i�s� �e�q�u�a�l� �t�o� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �v�a�r�i�a�n�c�e�s� �(�P�E�V�)�;� �h�o�w�e�v�e�r� �t�h�i�s� �i�s� 

�n�o�t� �t�r�u�e� �i�f� �t�h�e� �o�p�e�r�a�t�i�o�n�a�l� �m�o�d�e�l� �(�m�o�d�e�l� �a�p�p�l�i�e�d� �i�n� �t�h�e� �e�v�a�l�u�a�t�i�o�n�)� �d�o�e�s� �n�o�t� �c�o�n�t�a�i�n� 

�g�e�n�e�t�i�c� �g�r�o�u�p�s� �w�h�e�n� �i�t� �s�h�o�u�l�d�.� �I�n� �t�h�e� �l�a�t�t�e�r� �c�a�s�e�,� �M�S�E� �=� �P�E�V� �+� �b�i�a�s�?� �.� �K�e�n�n�e�d�y� �(�1�9�8�1�)� 

�f�o�u�n�d� �t�h�a�t� �t�h�e� �e�f�f�e�c�t� �o�f� �i�g�n�o�r�i�n�g� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �i�n� �t�h�e� �m�o�d�e�l� �d�e�p�e�n�d�s� �o�n� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� 

�3�3



�t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� �g�e�n�e�t�i�c� �g�r�o�u�p�s�.� �T�h�e� �M�S�E� �a�p�p�e�a�r�e�d� �t�o� �b�e� �s�m�a�l�l�e�r� �w�h�e�n� �g�e�n�e�t�i�c� 

�g�r�o�u�p�s� �w�e�r�e� �i�g�n�o�r�e�d� �s�i�n�c�e� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �P�E�V� �w�a�s� �b�i�g� �e�n�o�u�g�h� �t�o� �c�o�m�p�e�n�s�a�t�e� �f�o�r� �t�h�e� 

�b�i�a�s�.� �F�r�o�m� �t�h�i�s� �r�e�s�u�l�t�,� �o�n�e� �m�i�g�h�t� �c�o�n�c�l�u�d�e� �t�h�a�t� �u�s�e� �o�f� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �m�a�y� �n�o�t� �a�l�w�a�y�s� �b�e� 

�i�n�d�i�c�a�t�e�d� �u�n�l�e�s�s� �g�r�o�u�p� �d�i�f�f�e�r�e�n�c�e�s� �a�r�e� �r�e�a�l�l�y� �i�m�p�o�r�t�a�n�t�.� 

�A�c�c�u�r�a�c�y� �o�f� �p�r�e�d�i�c�t�i�o�n�s� 

�A� �m�e�a�s�u�r�e� �o�f� �a�c�c�u�r�a�c�y� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �e�x�p�r�e�s�s� �t�h�e� �d�e�g�r�e�e� �o�f� �c�o�n�f�i�d�e�n�c�e� �t�o� �b�e� �p�l�a�c�e�d� �o�n� 

�a�n� �E�P�D�.� �T�h�e� �l�a�c�k� �o�f� �u�n�i�f�o�r�m�i�t�y� �i�n� �t�h�e� �t�e�r�m�i�n�o�l�o�g�y� �u�s�e�d� �i�n� �c�u�r�r�e�n�t� �N�C�E� �p�r�o�g�r�a�m�s� �a�c�r�o�s�s� 

�i�n�d�u�s�t�r�i�e�s� �(�b�e�e�f� �a�n�d� �d�a�i�r�y�)� �p�r�e�s�e�n�t�s� �a� �r�a�t�h�e�r� �c�o�n�f�u�s�i�n�g� �s�i�t�u�a�t�i�o�n�.� �F�r�o�m� �s�e�l�e�c�t�i�o�n� �i�n�d�e�x� 

�t�h�e�o�r�y� �(�V�a�n� �V�l�e�c�k�,� �1�9�8�8�;� �F�a�l�c�o�n�e�r�,� �1�9�8�9�)�,� �a�c�c�u�r�a�c�y� �(�a�c�c�)� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �p�r�e�d�i�c�t�o�r� �a�n�d� �t�h�e� �p�r�e�d�i�c�t�a�n�d�,� �o�r� �i�n� �o�t�h�e�r� �w�o�r�d�s�,� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� 

�e�s�t�i�m�a�t�e�d� �a�n�d� �t�r�u�e� �b�r�e�e�d�i�n�g� �v�a�l�u�e�.� �I�n� �b�e�e�f� �c�a�t�t�l�e� �N�C�E� �f�o�l�l�o�w�i�n�g� �B�I�F� �(�1�9�8�6�)�,� �a�c�c�u�r�a�c�y� �o�f� 

�E�P�D�s� �(�B�a�c�c�)� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �:� 

�P�E�V� 
�~� 

�s� 

�B�a�c�c�=�1�-� � � 

�w�h�e�r�e� �G�?� �r�e�f�e�r�s� �t�o� �t�h�e� �s�i�r�e� �v�a�r�i�a�n�c�e�s�.� �I�f� �t�h�e� �P�E�V� �i�s� �f�o�r� �a� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�,� �t�h�e� �s�i�r�e� 

�v�a�r�i�a�n�c�e� �i�s� �r�e�p�l�a�c�e�d� �b�y� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �v�a�r�i�a�n�c�e�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �B�a�c�c� �a�n�d� �a�c�c� 

�i�s�:� 

�a�c�c� �=� �y�1 ��(�1�-� �B�a�c�c�)�?� 

�T�h�e� �t�e�r�m� �r�e�l�i�a�b�i�l�i�t�y� �i�s� �c�u�r�r�e�n�t�l�y� �u�s�e�d� �i�n� �t�h�e� �d�a�i�r�y� �i�n�d�u�s�t�r�y� �a�n�d� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �s�q�u�a�r�e� �o�f� 

�a�c�c� �(�V�a�n� �R�a�d�e�n� �a�n�d� �W�i�g�g�a�n�s�,� �1�9�9�1�)�.� 

�M�o�s�t� �m�e�a�s�u�r�e�s� �o�f� �a�c�c�u�r�a�c�y� �a�r�e� �b�a�s�e�d� �o�n� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �v�a�r�i�a�n�c�e�s� 

�(�P�E�V�)�.� �F�r�o�m� �M�i�x�e�d� �M�o�d�e�l� �t�h�e�o�r�y�,� �t�h�e� �P�E�V� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �d�i�a�g�o�n�a�l� 

�3�4



�e�l�e�m�e�n�t� �o�f� �t�h�e� �i�n�v�e�r�s�e� �o�f� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x� �(�C�)� �o�f� �t�h�e� �m�i�x�e�d� �m�o�d�e�l� �e�q�u�a�t�i�o�n�s� 

�(�M�M�E�)�(�H�e�n�d�e�r�s�o�n�,� �1�9�7�3�)�.� �C� �c�a�n� �b�e� �p�a�r�t�i�t�i�o�n�e�d� �a�s�:� 

�o� �|� 

�C�y� �C�y� 

�w�h�e�r�e� �C�,�,� �c�o�n�t�a�i�n�s� �t�h�e� �s�a�m�p�l�i�n�g� �(�c�o�)�v�a�r�i�a�n�c�e�s� �o�f� �e�s�t�i�m�a�t�e�s� �o�f� �f�i�x�e�d� �e�f�f�e�c�t�s�,� �C�,�,� �c�o�n�t�a�i�n�s� 

�c�o�v�a�r�i�a�n�c�e�s� �a�m�o�n�g� �e�s�t�i�m�a�t�e�s� �o�f� �f�i�x�e�d� �e�f�f�e�c�t�s� �a�n�d� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �o�f� �r�a�n�d�o�m� �e�f�f�e�c�t�s� 

�a�n�d� �C�,�,� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �(�c�o�)�v�a�r�i�a�n�c�e�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �o�f� �r�a�n�d�o�m� �e�f�f�e�c�t�s�.� �T�h�e� 

�s�t�r�u�c�t�u�r�e� �a�n�d� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� �C� �d�e�p�e�n�d�s� �o�n� �t�h�e� �m�o�d�e�l� �a�n�d� �t�h�e� �d�a�t�a� �s�t�r�u�c�t�u�r�e� 

�(�T�o�s�h� �a�n�d� �W�i�l�t�o�n�,� �1�9�9�1�)�.� 

�N�o�w�a�d�a�y�s�,� �c�o�m�p�u�t�a�t�i�o�n� �o�f� �a�c�c�u�r�a�c�i�e�s� �i�s� �a� �p�r�o�b�l�e�m� �r�e�l�a�t�e�d� �t�o� �t�h�e� �d�i�m�e�n�s�i�o�n� �o�f� �t�h�e� 

�c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x�,� �w�h�i�c�h� �o�f�t�e�n� �p�r�e�v�e�n�t�s� �o�b�t�a�i�n�i�n�g� �a� �f�u�l�l� �i�n�v�e�r�s�e�.� �S�e�v�e�r�a�l� �i�t�e�r�a�t�i�v�e� 

�p�r�o�c�e�d�u�r�e�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �t�o� �s�o�l�v�e� �m�i�x�e�d� �m�o�d�e�l� �e�q�u�a�t�i�o�n�s� �t�o� �y�i�e�l�d� �e�s�t�i�m�a�t�e�s� �o�f� 

�f�i�x�e�d� �e�f�f�e�c�t�s� �a�n�d� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �r�a�n�d�o�m� �e�f�f�e�c�t�s�.� �T�h�e� �i�n�a�b�i�l�i�t�y� �t�o� �i�n�v�e�r�t� �t�h�e� �m�i�x�e�d� �m�o�d�e�l� 

�c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x� �p�r�e�v�e�n�t�s� �t�h�e� �e�x�a�c�t� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �d�i�a�g�o�n�a�l� �o�f� �t�h�e� 

�s�u�b�m�a�t�r�i�x� �C�,�,�.� �S�e�v�e�r�a�l� �p�r�o�c�e�d�u�r�e�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e� �d�i�a�g�o�n�a�l�s� �o�f� �C�,�,� 

�M�o�s�t� �o�f� �t�h�e�s�e� �u�n�d�e�r�e�s�t�i�m�a�t�e� �P�E�V� �a�n�d� �t�h�e�r�e�f�o�r�e� �o�v�e�r�e�s�t�i�m�a�t�e� �a�c�c�u�r�a�c�i�e�s� �(�U�f�f�o�r�d� �e�t� �a�l�.�,� 

�1�9�7�9�a�;� �W�i�l�m�i�n�k� �a�n�d� �D�o�m�m�e�r�h�o�l�t�,� �1�9�8�6�;� �V�a�n�R�a�d�e�n� �a�n�d� �F�r�e�e�m�a�n�,� �1�9�8�5�;� �G�r�e�e�n�h�a�l�g�h�,� �e�t� 

�a�l�.�,� �1�9�8�6�;� �Q�u�a�a�s�,� �1�9�8�7�;� �R�o�b�i�n�s�o�n� �a�n�d� �J�o�n�e�s�,� �1�9�8�7�;� �M�e�y�e�r�,� �1�9�8�9�;� �V�a�n�R�a�d�e�n� �a�n�d� �W�i�g�g�a�n�s�,� 

�1�9�9�1�;� �B�o�i�c�h�a�r�d� �a�n�d� �L�e�e�,� �1�9�9�2�)�.� 

�A�d�d�i�t�i�o�n�a�l� �p�r�o�b�l�e�m�s� �i�n� �d�e�r�i�v�i�n�g� �a�c�c�u�r�a�c�i�e�s� �c�o�m�e� �f�r�o�m� �t�h�e� �m�o�d�e�l� �s�p�e�c�i�f�i�c�a�t�i�o�n�s�.� �F�o�r� 

�u�n�b�i�a�s�e�d� �s�i�t�u�a�t�i�o�n�s� �(�c�o�r�r�e�c�t� �m�o�d�e�l� �s�p�e�c�i�f�i�c�a�t�i�o�n�)�,� �B�L�U�P� �p�r�o�c�e�d�u�r�e�s� �a�r�e� �d�e�s�i�g�n�e�d� �t�o� 

�m�i�n�i�m�i�z�e�s� �P�E�V� �W�h�e�n� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �m�o�d�e�l�,� �t�h�e� �c�o�n�c�e�p�t� �o�f� �s�i�r�e� 

�e�v�a�l�u�a�t�i�o�n� �v�s�.� �s�i�r�e� �p�r�e�d�i�c�t�i�o�n� �o�r� �w� �i�=� �g�;� �+�5�;� �V�S�.� �i�l� �;� �1�8� �i�n�v�o�l�v�e�d� �(�U�f�f�o�r�d� �e�t� �a�l�.�,� �1�9�7�9�a�,� �b�;� 
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�K�e�n�n�e�d�y�,� �1�9�8�1�)� �s�u�c�h� �t�h�a�t� �t�h�e� �s�i�r�e� �e�v�a�l�u�a�t�i�o�n� �o�r� �t�o�t�a�l� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �m�e�r�i�t� �o�f� �a� �s�i�r�e� �i�s� 

�e�q�u�a�l� �t�o� �t�h�e� �m�e�a�n� �o�f� �h�i�s� �g�r�o�u�p� �p�l�u�s� �a� �d�e�v�i�a�t�i�o�n� �f�r�o�m� �t�h�a�t� �m�e�a�n�.� �T�h�e� �s�a�m�p�l�i�n�g� �e�r�r�o�r� �o�f� 

�e�s�t�i�m�a�t�e�s� �o�f� �g�r�o�u�p� �e�f�f�e�c�t�s� �w�i�l�l� �h�a�v�e� �a�n� �i�m�p�a�c�t� �o�n� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �o�f� �e�v�a�l�u�a�t�i�o�n� �(�W�w� �,�)� 

�(�U�f�f�o�r�d� �e�t� �a�l�.�,� �1�9�7�9�a�;� �G�r�e�e�n�h�a�l�g�h� �e�t� �a�l�.�,� �1�9�8�6�;� �F�o�u�l�l�e�y� �e�t� �a�l�.�,� �1�9�9�0�;� �V�a�n� �V�l�e�c�k� �e�t� �a�l�.�,� 

�1�9�9�2�)�.� �H�o�w�e�v�e�r�,� �i�f� �a� �l�o�t� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �e�a�c�h� �s�i�r�e� �a�n�d� �a� �n�u�m�b�e�r� �o�f� �s�i�r�e�s� �a�r�e� 

�r�e�p�r�e�s�e�n�t�e�d� �i�n� �e�a�c�h� �g�r�o�u�p�,� �t�h�e�n� �P�E�V� �o�f� �t�h�e� �s�i�r�e�s �� �e�v�a�l�u�a�t�i�o�n�s� �w�i�l�l� �t�e�n�d� �t�o� �b�e� �d�o�m�i�n�a�t�e�d� �b�y� 

�t�h�e� �s�i�r�e�s� �p�r�e�d�i�c�t�i�o�n�s� �e�r�r�o�r� �v�a�r�i�a�n�c�e�s� �(�U�f�f�o�r�d� �e�t� �a�l�.�,� �1�9�7�9�a�)�.� �I�n� �t�h�i�s� �c�o�n�t�e�x�t�,� �U�f�f�o�r�d� �d�e�f�i�n�e�d� 

�'�r�e�l�i�a�b�i�l�i�t�y� �o�r� �r�e�p�e�a�t�a�b�i�l�i�t�y �� �a�s�:� 

�a� �_� �V�a�r� �(�g�+�5 ��5�)� 

�v�(�s�)� 
�w�h�e�r�e� �V�a�r� �(�g� �+�5� �- ��s�)� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �P�E�V� �o�f� �e�v�a�l�u�a�t�i�o�n�s�.� 

�F�u�r�t�h�e�r� �e�f�f�e�c�t�s� �o�n� �P�E�V� �a�n�d� �a�c�c�u�r�a�c�i�e�s� �a�r�e� �i�n�t�r�o�d�u�c�e�d� �b�y� �a�s�s�u�m�p�t�i�o�n�s� �a�b�o�u�t� �e�a�c�h� 

�c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �m�o�d�e�l�.� �H�e�n�d�e�r�s�o�n� �(�1�9�7�5�)� �s�h�o�w�e�d� �t�h�a�t� �i�n�c�l�u�d�i�n�g� �a�n� �e�f�f�e�c�t� �a�s� �f�i�x�e�d� �w�h�e�n� 

�i�t� �s�h�o�u�l�d� �b�e� �r�a�n�d�o�m� �d�o�e�s� �n�o�t� �b�i�a�s� �t�h�e� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �t�h�e� �o�t�h�e�r� �r�a�n�d�o�m� �e�f�f�e�c�t�s� �i�n� �t�h�e� �m�o�d�e�l� 

�b�u�t� �d�o�e�s� �i�n�c�r�e�a�s�e� �t�h�e� �P�E�V� �o�f� �r�a�n�d�o�m� �e�f�f�e�c�t�s�.� 

�C�O�N�C�L�U�S�I�O�N�S� 

�R�e�a�s�o�n�a�b�l�e� �d�o�u�b�t�s� �a�b�o�u�t� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �G� �x� �E� �i�n�t�e�r�a�c�t�i�o�n� �a�s� �w�e�l�l� �a�s� �g�e�n�o�t�y�p�e� �b�y� 

�g�e�n�o�t�y�p�e� �i�n�t�e�r�a�c�t�i�o�n�s� �e�x�i�s�t�,� �s�i�n�c�e� �t�h�e�r�e� �i�s� �n�o�t� �a� �c�o�n�c�l�u�s�i�v�e� �r�e�s�u�l�t� �t�h�a�t� �a�l�l�o�w�s� �t�h�e�i�r� 

�i�m�p�o�r�t�a�n�c�e� �t�o� �b�e� �a�f�f�i�r�m�e�d�.� �M�a�t�e�r�n�a�l� �t�r�a�i�t�s� �h�a�v�e� �s�c�a�r�c�e�l�y� �b�e�e�n� �s�t�u�d�y� �i�n� �t�h�i�s� �c�o�n�t�e�x�t�.� 

�D�i�f�f�e�r�e�n�t� �m�e�t�h�o�d�o�l�o�g�i�c�a�l� �a�p�p�r�o�a�c�h�e�s� �h�a�v�e� �b�e�e�n� �t�a�k�e�n� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� 

�g�e�n�o�t�y�p�e� �b�y� �p�r�o�d�u�c�t�i�o�n� �s�y�s�t�e�m� �(�G� �x� �P�)� �i�n�t�e�r�a�c�t�i�o�n� �i�n� �a� �b�r�o�a�d� �s�e�n�s�e�.� �W�i�t�h� �t�h�e� �u�s�e� �o�f� 

�B�L�U�P� �i�n� �c�u�r�r�e�n�t� �N�C�E�,� �t�h�e� �u�s�e� �o�f� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �t�o� 
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�a�s�s�e�s�s� �t�h�e� �v�a�l�u�e� �o�f� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n�s� �a�p�p�e�a�r�s� �t�o� �b�e� �a�n� �i�n�t�e�r�e�s�t�i�n�g� �t�o�o�l� �h�o�w�e�v�e�r�,� �s�e�v�e�r�a�l� 

�c�o�n�s�i�d�e�r�a�t�i�o�n�s� �a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �p�r�o�p�e�r� �i�n�t�e�r�p�r�e�t�a�t�i�o�n�s� �o�f� �r�e�s�u�l�t�s�.� �T�h�e� �u�s�e� �o�f� �t�h�i�s� 

�m�e�t�h�o�d�o�l�o�g�y� �a�s�s�u�m�e�s� �p�r�o�p�e�r� �e�s�t�i�m�a�t�i�o�n� �o�f� �a�c�c�u�r�a�c�i�e�s�;� �h�o�w�e�v�e�r�,� �s�e�v�e�r�a�l� �l�i�m�i�t�a�t�i�o�n�s� �r�e�l�a�t�e�d� 

�t�o� �c�o�m�p�u�t�a�t�i�o�n�a�l� �r�e�s�t�r�i�c�t�i�o�n�s�,� �m�o�d�e�l� �m�i�s�s�p�e�c�i�f�i�c�a�t�i�o�n�s� �a�n�d� �l�a�c�k� �o�f� �a�d�j�u�s�t�m�e�n�t� �f�o�r� 

�u�n�d�e�r�g�o�i�n�g� �s�e�l�e�c�t�i�o�n� �s�h�o�u�l�d� �b�e� �t�a�k�e�n� �i�n�t�o� �c�o�n�s�i�d�e�r�a�t�i�o�n� �i�n� �a�s�s�e�s�s�i�n�g� �t�h�e� �l�i�k�e�l�y� �c�o�r�r�e�c�t�n�e�s�s� 

�o�f� �p�u�b�l�i�s�h�e�d� �a�c�c�u�r�a�c�i�e�s�.� �T�h�e� �e�f�f�e�c�t� �o�f� �s�i�n�g�l�e�-�t�r�a�i�t� �s�e�l�e�c�t�i�o�n� �a�s� �a� �f�a�c�t�o�r� �b�i�a�s�i�n�g� �t�h�e� 

�c�o�r�r�e�l�a�t�i�o�n� �h�a�s� �b�e�e�n� �e�x�p�o�s�e�d�;� �h�o�w�e�v�e�r� �c�o�n�s�i�d�e�r�a�t�i�o�n� �o�f� �t�h�e� �f�a�c�t� �t�h�a�t� �s�e�l�e�c�t�i�o�n� �i�s� �o�f�t�e�n� 

�p�r�a�c�t�i�c�e�d� �o�n� �m�o�r�e� �t�h�a�t� �o�n�e� �t�r�a�i�t� �s�h�o�u�l�d� �b�e� �e�s�t�a�b�l�i�s�h�e�d�.� 
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�T�A�B�L�E� �1�.�1� �L�I�T�E�R�A�T�U�R�E� �E�S�T�I�M�A�T�E�S� �O�F� �C�O�R�R�E�L�A�T�I�O�N� �O�F� �S�I�R�E�S� �P�R�O�G�E�N�Y� 
�P�E�R�F�O�R�M�A�N�C�E�S� �I�N� �D�I�F�F�E�R�E�N�T� �E�N�V�I�R�O�N�M�E�N�T�S� �I�N� �B�E�E�F� �C�A�T�T�L�E� 

� � 

� � 

� � 

� � 

� � 

� � � � 

�(� �F�I�E�L�D� �D�A�T�A�)� 

�A�u�t�h�o�r� �T�r�a�i�t� �G�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �S�t�u�d�y� �d�e�s�c�r�i�p�t�i�o�n� 
�N�u�n�n� �e�t� �a�l�.�,� �B�i�r�t�h� �w�e�i�g�h�t� �.�8�6� �-� �1�.�0� �S�i�m�m�e�n�t�a�l� �s�i�r�e�s� �i�n� 
�(�1�9�7�8�)� �8� �r�e�g�i�o�n�s� �o�f� �U�S�A�.� 

�A�N�O�V�A� �t�y�p�e� 
�W�e�a�n�i�n�g� �w�e�i�g�h�t� �.�7�2� �-� �.�7�8� �A�d�j�u�s�t�e�d� �b�y� �a�g�e� �o�f� �d�a�m� 

�6�5� 
�B�u�c�h�a�n�a�n� �a�n�d� �S�i�m�m�e�n�t�a�l� �a�n�d� �M�a�i�n�e�-� 
�N�i�e�l�s�e�n� �(�1�9�7�9�)� �B�i�r�t�h� �w�e�i�g�h�t� �A�n�j�o�u�.� 

�S�i�m�m�e�n�t�a�l� �6�3�4� �9�8�>� �1�.�2�2�¢� �A�N�O�V�A� �t�y�p�e� 
�3�5�3� �5�6�°� �4� �s�i�r�e� �x� �r�e�g�i�o�n� �t�w�o� �d�a�t�a� �s�e�t�s� 

�W�e�a�n�i�n�g� �w�e�i�g�h�t� �~�.�1�2�2� �-�.�1�8�>� �4�7�°� �b� �s�i�r�e� �x� �s�e�x� 
�S�i�m�m�e�n�t�a�l� �3�2�2� �6�8�>� �°�s�i�r�e� �x� �h�e�r�d�/�r�e�g�i�o�n� 
�M�a�i�n�e� �-�A�n�j�o�u� �7�7�2� �9�8�>� �3�0�°� �.�7�1�4� �|� �4�s�i�r�e� �x� �s�e�a�s�o�n� 

�(�A�d�j�u�s�t�e�d� �b�y� �a�g�e� �o�f� �d�a�m�)� 

�T�e�s�s� �e�t� �a�l�.�,� �(�1�9�7�9�)� �S�i�m�m�e�n�t�a�l� �s�i�r�e�s� �i�n� �t�h�r�e�e� 
�W�e�a�n�i�n�g� �w�e�i�g�h�t� �4�2� �-�.�9�0� �(�1�.�7�-�.�2�)�%� �r�e�g�i�o�n�s� �o�f� �U�S�A�.� 

�A�N�O�V�A� �t�y�p�e� 
�0�9� �-� �.�3�6� �(�9�.�0�-�2�.�7�)�°� �4� �s�i�r�e� �x� �r�e�g�i�o�n�;�p�a�i�r�w�i�s�e� �c�o�r�r� 

�(�r�a�n�g�e� �o�f� �s�.�e�.�)� 
�>� �s�i�r�e� �x� �h�e�r�d�/�r�e�g�i�o�n�;� �p�a�i�r�w�i�s�e� 
�c�o�r�r� �(�r�a�n�g�e� �o�f� �s�.�e�.�)� 

�B�u�r�f�e�n�i�n�g� �e�t� �a�l�.�,� �S�i�m�m�e�n�t�a�l� �f�o�u�r� �r�e�g�i�o�n�s�.� 
�(�1�9�8�2�)� �C�a�l�v�i�n�g� �s�c�o�r�e� �1�.�1�3�4� �3�4�>� �A�N�O�V�A� �t�y�p�e� 

 ��s�i�r�e� �x� �r�e�g�i�o�n� 
�B�i�r�t�h� �w�e�i�g�h�t� �1�.�0�?� �5�0�°� �b�s�i�r�e� �x� �h�e�r�d�/�r�e�g�i�o�n� 

�(�2� �y�r� �o�l�d� �d�a�m�s�)� 

�B�e�r�t�r�a�n�d� �e�t� �a�l�.�,� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �n�i�n�e� �r�e�g�i�o�n�s�.� 
�(�1�9�8�5�)� �W�e�a�n�i�n�g� �w�e�i�g�h�t� �5�9�4� �3�7�>� �6�4�°� �A�N�O�V�A� �t�y�p�e� 

 ��s�i�r�e� �x� �h�e�r�d�/�r�e�g�i�o�n� 
�b�s�i�r�e� �x� �c�o�n�t�e�m�.� �g�r�o�u�p�/�h�e�r�d� 
 ��s�i�r�e� �x� �r�e�g�i�o�n� 

�.�6�4� �(�.�3�9�-�1�.�0�)�4� �d�r� �(�E�P�D�,�,�E�P�D�,�)� �p�o�o�l�e�d� �o�f� � � � � � � �p�a�i�r�s� �b�e�t�w�.� �r�e�g�i�o�n�s�(�r�a�n�g�e�)� 

�(�A�d�j�u�s�t�e�d� �b�y� �a�g�e� �o�f� �d�a�m�)� � � � � 
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�(�C�o�n�t�i�n�u�e�d�)� 
� � 

�O�l�d�e�n�b�r�o�e�k� �a�n�d� 
�M�e�i�j�e�r�i�n�g� �(�1�9�8�6�)� 

�G�e�s�t�a�t�i�o�n� �l�e�n�g�t�h� 
�D�a�i�l�y� �g�a�i�n� �o�n� �t�e�s�t� 
�F�e�e�d� �c�o�n�v�e�r�s�i�o�n� 
�C�a�r�c�a�s�s� �f�l�e�s�h�i�n�e�s�s� 

�-�4�0�*� 
�-�.�0�8� 
�-�.�0�3� 

�2�4� 

�C�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �s�i�r�e�'�s� 
�t�e�s�t� �p�e�r�f�o�r�m�a�n�c�e� �a�n�d� �s�i�r�e�s�'�s� 
�p�r�o�g�e�n�y� �p�e�r�f�o�r�m�a�n�c�e�.� 
�N�o� �e�x�p�e�c�.� �g�i�v�e�n� �.�*� �d�i�f�f�.� �t�h�a�n� 
�z�e�r�o�.� 

� � 

� � 

� � 

� � � � 

�B�e�r�t�r�a�n�d� �e�t� �a�l�.�,� �B�i�r�t�h� �w�e�i�g�h�t� �7�1�2� �7�8�>� �g�e� �L�i�m�o�u�s�i�n�e� �i�n� �n�i�n�e� �r�e�g�i�o�n�s�.� 
�(�1�9�8�7�)� �A�N�O�V�A� �t�y�p�e� 

�s�i�r�e� �x� �r�e�g�i�o�n� 
�W�e�a�n�i�n�g� �w�e�i�g�h�t� �5�5�4� �6�6�5� �6�9�°� �b�a� �+� �d�a�m�s� 

 �� �+� �s�i�r�e� �x� 
�c�o�n�t�e�m�.�g�r�o�u�p�/�r�e�g�i�o�n� 
�(�A�d�j�u�s�t�e�d� �b�y� �a�g�e� �o�f� �d�a�m�)� 

�H�a�n�f�o�r�d� �e�t� �a�l�.�,� �B�i�r�t�h� �w�e�i�g�h�t� �.�2�0� �-� �.�7�4�#� �S�i�m�m�e�n�t�a�l� �i�n� �f�o�u�r� �r�e�g�i�o�n�s� 
�1�9�8�8� �(�m�a�t�e�r�n�a�l�)� �A�N�O�V�A� �t�y�p�e� 

�*�R�a�n�g�e� �o�f� �p�a�i�r�w�i�s�e� �r�e�g�i�o�n�s� 
�W�e�a�n�i�n�g� �w�e�i�g�h�t� �.�0�5� �-� �.�3�4� �c�o�m�p�a�r�i�s�o�n�s�.� 
�(�m�a�t�e�r�n�a�l�)� �M�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �x� 

�h�e�r�d�/�r�e�g�i�o�n� 
�C�a�l�v�i�n�g� �e�a�s�e� �5�5� �-� �.�9�0� 
�(�m�a�t�e�r�n�a�l�)� �2� �y�r� �o�l�d� �d�a�m�s� 

�G�a�r�r�i�c�k� �e�t� �a�l�.�,� �B�i�r�t�h� �w�e�i�g�h�t� �6�1� �(�.�5�7�)�#� �.�8�3�(�.�9�2�)�>� �|�|� �S�i�m�m�e�n�t�a�l� 
�1�9�8�9� 

�W�e�a�n�i�n�g� �w�e�i�g�h�t� �.�5�0� �(�.�5�4�)�?� �8�1�.�9�3�)� �G�x�E� �s�i�r�e� �x� �s�e�x� 
�(�d�i�r�e�c�t�)� 

�r� �(�E�P�D�,�,�E�P�D�,�)� 
�W�e�a�n�i�n�g� �w�e�i�g�h�t� �.�4�7�(�.�4�5�)�4� �.�8�1�(�.�9�3�)�°� �|� �@�A�c�c�>� �1�,� �A�c�c� �>� �.�9� 
�(�m�a�t�e�r�n�a�l�)� �,� 

�P�o�s�t�-�w�e�a�n�.� �g�a�i�n� �5�4�(�.�3�9�)�?�  ��.�7�6�(�.�9�1�)�°�.� 
�N�o�t�t�e�r� �e�t� �a�l�.�,� �5�2� �-� �.�6�1� �A�u�s�t�r�a�l�i�a�n� �A�n�g�u�s� 
�(�1�9�9�2�)� �W�e�a�n�i�n�g� �w�e�i�g�h�t� �R�E�M�L� � � � � � � � � � � 

�3�9



�T�A�B�L�E� �1�.�2� �L�I�T�E�R�A�T�U�R�E� �E�S�T�I�M�A�T�E�S� �O�F� �C�O�R�R�E�L�A�T�I�O�N� �O�F� �S�I�R�E�S�'� 
�P�U�R�E�B�R�E�D� �A�N�D� �C�R�O�S�S�B�R�E�D� �P�R�O�G�E�N�Y� �P�E�R�F�O�R�M�A�N�C�E�S� �I�N� 

�D�I�F�F�E�R�E�N�T� �S�P�E�C�I�E�S� 
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� � � � � � � � 
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� � � � � � � � � � 

� � � � 

�A�u�t�h�o�r� �T�r�a�i�t� �G�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �S�t�u�d�y� �d�e�s�c�r�i�p�t�i�o�n� 

�B�E�E�F� �C�A�T�T�L�E� 

�D�u�n�n� �e�t� �a�l�.�,� �a� �b� 
�(�1�9�7�0�)� �B�i�r�t�h� �w�e�i�g�h�t� �1�.�2�1� �v�s� �.�4�7� �C�r�o�s�s�e�s� �a�m�o�n�g� �H�e�r�e�f�o�r�d�,� 

�A�n�g�u�s� �a�n�d� �S�h�o�r�t�h�o�r�n� 
�W�e�a�n�i�n�g� �w�e�i�g�h�t� �1�,�5�2� �v�s� �.�3�5� �A�N�O�V�A� �t�y�p�e� 

�s�t�e�e�r� 
�A�d�j�.� �f�i�n�a�l� �w�e�i�g�h�t� �8�3� �v�s� �.�1�8� �b�h�e�i�f�e�r�s� 

�K�o�g�e�r� �e�t� �a�l�.� �a� �b� �c� �|� �A�N�O�V�A� �t�y�p�e� 
�(�1�9�7�5�)� �a�A�n�g�u�s� �s�i�r�e�s� 

�W�e�a�n�i�n�g� �w�e�i�g�h�t� �1�.�0�4� �1�.�2�4� �9�8� �|� �$�B�r�a�h�m�a�n� 
 ��H�e�r�e�f�o�r�d� 

�C�o�n�d�i�t�i�o�n� �s�c�o�r�e� �1�.�0�1� �1�.�1�6� �.�9�0� 

�2�0� �m�o�.� �w�t� �r�a�t�i�o� �7�4� �-� �-� 

�M�a�s�s�e�y� �a�n�d� �B�i�r�t�h� �w�e�i�g�h�t� �8�1� �L�i�m�o�u�s�i�n� �s�i�r�e�s� �m�a�t�e�d� �t�o� 
�B�e�n�y�s�h�e�k� �(�1�9�8�1�)� �|� �P�r�e�-�w�e� �g�a�i�n� �.�7�6� �A�n�g�u�s� �a�n�d� �H�e�r�e�f�o�r�d� �d�a�m�s�.� 

�W�e�a�n�i�n�g� �w�e�i�g�h�t� �7�8� �A�N�O�V�A� �t�y�p�e� 
�P�o�s�t� �w�e�a�n�i�n�g� �8�5� 

�w�e�i�g�h�t� �5�7� 
�Y�e�a�r�l�i�n�g� �w�e�i�g�h�t� 

�C�u�n�n�i�n�g�h�a�n� �a�n�d� �_�_� �|� �B�i�r�t�h� �w�e�i�g�h�t� �9�5� �S�i�m�m�e�n�t�a�l� �s�i�r�e�s� �m�a�t�e�d� �t�o� 
�M�a�g�e�e� �(�1�9�8�6�)� �P�r�e�-�w�e� �g�a�i�n� �A�T� �t�w�o� �c�r�o�s�s�b�r�e�d� �d�a�m� �t�y�p�e�s�.� 

�W�e�a�n�i�n�g� �w�e�i�g�h�t� �0�2� �A�N�O�V�A� �t�y�p�e� 

�S�H�E�E�P� 

�S�a�l�a�h� �e�t� �a�l�.�,� �W�e�a�n�i�n�g� �w�e�i�g�h�t� �8�2� �S�i�r�e�'�s� �b�r�e�e�d� �H�a�m�p�s�h�i�r�e�,� 
�(�1�9�6�9�)� �S�h�r�o�p�s�h�i�r�e�,� �S�o�u�t�h�d�o�w�n�,� 

� � � � � � 
�M�e�r�i�n�o� 
�B�i�r�t�h� �y�e�a�r� �c�o�n�f�o�u�n�d�e�d� �w�i�t�h� 
�s�i�r�e� �e�f�f�e�c�t�s�.� � � � � 

�4�0



�(�C�o�n�t�i�n�u�e�d� �)� 
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� � 

� � � � � � � � � � 

�P�I�G�S� 

�R�o�b�i�s�o�n� �e�t� �a�l�.�,� �W�e�i�g�h�t� �2�2� �D�u�r�o�c� �b�o�a�r�s� 
�(�1�9�6�4�)� �B�a�c�k�f�a�t� �2�1� 

�L�i�t�t�e�r� �s�i�z�e� �b�o�r�n� �-� �.�7�4� 
�L�i�t�t�e�r� �s�i�z�e� �r�a�i�s�e�d� �-�1�.�0� �Y�o�r�k�s�h�i�r�e� �b�o�a�r�s� 

�A�N�O�V�A� �t�y�p�e� 
�W�e�i�g�h�t� �7�2� 
�B�a�c�k�f�a�t� �>�1�.�0� 

�S�t�a�n�d�a�l� �(�1�9�6�8�)� �B�i�r�t�h� �w�e�i�g�h�t� �.�7�0� �L�a�n�d�r�a�c�e� �x� �Y�o�r�k�s�h�i�r�e� �b�o�a�r�s� 
�2�1� �d�.� �w�e�i�g�h�t� �.�8�3� �A�N�O�V�A� �t�y�p�e� 
�A�D�G� �(�2�0�-�9�0�k�g�)� �1�.�3�3� 

�B�a�c�k�f�a�t� �4�1� 
�T�y�p�e� �s�c�o�r�e� �1�.�0�2� 

�W�o�n�g� �e�t� �a�l�.� �P�o�s�t� �w�e�a�n�.� �A�D�G� �5�5� �+� �1�3� 
�(�1�9�7�1�)� �B�a�c�k�f�a�t� �>�1� �P�u�r�e�b�r�e�d� �a�n�d� �F�,� 

�F�e�e�d� �e�f�f�i�c�.� �.�0�9� �+� �.�3�6� �A�N�O�V�A� �t�y�p�e� 
�I�n�d�e�x� �A�T� �+� �5�8� 

�P�o�s�t� �w�e�a�n�.� �A�D�G� �3�8� �+� �.�2�3� �P�u�r�e�b�r�e�d� �a�n�d� �3�-�b�r�e�e�d� �c�r�o�s�s�e�s� 
�F�e�e�d� �E�f�f�i�c�.� �>�]� 

�I�n�d�e�x� �3�9�+� �.�1�6� 

�M�c�L�a�r�e�n� �e�t� �a�l�.�,� �B�i�r�t�h� �w�e�i�g�h�t� �0� �D�u�r�o�c�,� �H�a�m�p�s�h�i�r�e�,� �L�a�n�d�r�a�c�e� 
�(�1�9�8�5�)� �2�1� �d�.� �w�e�i�g�h�t� �0� �S�p�o�t�t�e�d� �a�n�d� �Y�o�r�k�s�h�i�r�e� �b�o�a�r�s� 

�4�2� �d�.� �w�e�i�g�h�t� �.�0�3� 
�P�o�s�t� �w�e�a�n�.� �A�D�G� �3�4� 

�B�a�c�k�f�a�t� �4�7� � � � � 

�4�1



�T�A�B�L�E� �1�.�3� �L�I�T�E�R�A�T�U�R�E� �E�S�T�I�M�A�T�E�S� �O�F� �C�O�R�R�E�L�A�T�I�O�N� �O�F� �S�I�R�E�S� 
�E�V�A�L�U�A�T�I�O�N�S� �F�O�R� �D�I�F�F�E�R�E�N�T� �C�H�A�R�A�C�T�E�R�S� �I�N� �B�E�E�F� �C�A�T�T�L�E�.� 
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� � � � 

�C�o�r�r� �o�f� �E�B�V� �v�s� 
�A�u�t�h�o�r� �T�r�a�i�t� �(�E�x�p�.� �C�o�r�r�)� �S�t�u�d�y� �d�e�s�c�r�i�p�t�i�o�n� 
�B�e�n�y�s�h�e�k� �(�1�9�7�9�)� �|�|� �W�e�a�n�i�n�g� �w�e�i�g�h�t� �4�9� �4�5�0�%� �a�n�d� �7�5�%� �L�i�m�o�u�s�i�n� 

�4�6�>� �c�a�l�v�e�s�.� 
�b�L�i�m�o�u�s�i�n� �s�i�r�e�s� �m�a�t�e�d� �t�o� 
�A�n�g�u�s� �a�n�d� �H�e�r�e�f�o�r�d�.� 
�E�x�p�e�c�t�.� �n�o� �r�e�p�o�r�t�e�d�.� 

�B�e�r�t�r�a�n�d� �e�t� �a�l�.�,� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �n�i�n�e� �r�e�g�i�o�n�s�.� 
�(�1�9�8�5�)� �W�e�a�n�i�n�g� �w�e�i�g�h�t� �6�4� �(�.�3�9�-�1�.�0�)� �s�i�r�e� �x� �h�e�r�d�/�r�e�g�i�o�n� 

�t� �(�E�P�D�,� �,� �E�P�D�,�)� �p�o�o�l�e�d� �o�f� 
�p�a�i�r�s� �b�e�t�w�.� �r�e�g�i�o�n�s�.�(�r�a�n�g�e�)� 
�E�x�p�e�c�.� �n�o� �r�e�p�o�r�t�e�d� 

�C�u�n�n�i�n�g�h�a�m� �a�n�d� �|� �B�i�r�t�h� �w�e�i�g�h�t� �9�9� �S�i�m�m�e�n�t�a�l� �s�i�r�e�s� �m�a�t�e�d� �t�o� 
�M�a�g�e�e� �(�1�9�8�6�)� �t�w�o� �c�r�o�s�s�b�r�e�d� �d�a�m�s�.� 

�P�r�e�w�.� �g�a�i�n� �7�2� �E�x�p�e�c�.� �n�o� �r�e�p�o�r�t�e�d� 

�W�e�a�n�i�n�g� �w�e�i�g�h�t� �6�5� 
�O�l�d�e�n�b�r�o�e�k� �a�n�d� �G�e�s�t�a�t�i�o�n� �l�e�n�g�t�h� �4�0�*� �C�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �s�i�r�e�'�s� 
�M�e�i�j�e�r�i�n�g� �(�1�9�8�6�)� �|� �D�a�i�l�y� �g�a�i�n� �o�n� �t�e�s�t� �-�.�0�8� �t�e�s�t� �p�e�r�f�o�r�m�a�n�c�e� �a�n�d� �s�i�r�e�s�'�s� 

�F�e�e�d� �c�o�n�v�e�r�s�i�o�n� �-�.�0�3� �p�r�o�g�e�n�y� �p�e�r�f�o�r�m�a�n�c�e�.� 
�C�a�r�c�a�s�s� �f�l�e�s�h�i�n�e�s�s� �2�4� �N�o� �e�x�p�e�c�.� �g�i�v�e�n� �.�*� �d�i�f�f�.� �t�h�a�n� 

�z�e�r�o�.� 
�D�e�N�i�s�e� �a�n�d� �R�a�y� �W�e�i�g�h�t�s� �i�n� �r�a�n�g�e� �v�s� �H�e�r�e�f�o�r�d� 
�(�1�9�8�7�)� �I�n�i�t�i�a�l� �S�t�a�t�i�o�n� �d�a�t�a� �v�s� �R�a�n�g�e� 

�w�e�i�g�h�t� �i�n� �s�t�a�t�i�o�n� �3�8� �c�o�n�d�i�t�i�o�n�s� 
�1�2� �m�o� �4�2� �S�e�x� �c�o�u�n�f�o�u�n�d�e�d� �w�i�t�h� 
�2�0� �m�o� �3�4� �e�n�v�i�r�o�n�m�e�n�t�a�l� �s�i�t�u�a�t�i�o�n�.� 
�2�4� �m�o� �E�x�p�e�c�.� �n�o� �r�e�p�o�r�t�e�d� 

�a� �b� �C�o�r�r� �b�e�t�.� �5�0�%� �v�s� �7�5�%� 
�G�a�r�r�i�c�k� �e�t� �a�l�.�,� �B�i�r�t�h� �w�e�i�g�h�t� �5�9�(�.�6�1�)� � �.�6�9�(�.�9�2�)� �S�i�m�m�e�n�t�a�l� �c�a�l�v�e�s� �b�y� 
�(�1�9�8�9�)� �s�e�x� �o�f� �c�a�l�v�e�s� 

�W�e�a�n�i�n�g� �w�e�i�g�h�t� �5�0� �(�5�5�)� �-�.�6�1�(�.�9�2�)� �f�f� �8�@�A�c�c� �2�.�1� 
�b�A�c�c�>�.�9� 

�P�o�s�t�-�w�e�a�n�.� �g�a�i�n� �.�5�2�(�.�4�2�)� �_� �.�7�1�(�.�9�3�)� 
�T�i�l�s�h� �e�t� �a�l�.� �(�1�9�8�9�)� �|� �L�i�v�e�w�e�i�g�h�t� �-�.�0�0�7�(�.�6�5�)� �S�i�r�e�s� �S�i�m�m�e�n�t�a�l�,� 

�C�a�r�c�a�s�s� �w�e�i�g�h�t� �.�0�3� �(�.�6�3�)� �C�h�a�r�o�l�a�i�s� �a�n�d� �t�h�e�i�r� �c�r�o�s�s�e�s� 
�D�a�i�l�y� �g�a�i�n� �o�n� �t�e�s�t� �.�1�3� �(�.�6�6�)� �v�s� �B�l�a�c�k�-�P�i�e�d� �d�a�i�r�y� �b�r�e�e�d�.� 
�D�a�i�l�y� �c�a�r�c�a�s�s� �w�e�i�g�h�t� �.�1�6� �(�.�6�1�)� �N�o�n�e� �o�f� �o�b�s�e�r�v�e�d� �c�o�r�r� �w�e�r�e� 
�E�n�e�r�g�y� �c�o�n�v�e�r�s�i�o�n� �.�2�2� �(�.�6�8�)� �s�i�g�n�i�f�i�c�a�n�t�l�y� �>� �0� �e�x�c�e�p�t� �l�a�s�t� 
�W�i�t�h�e�r�s� �h�e�i�g�h�t� �4�6� �(�.�6�4�)� �o�n�e�.� � � � � � � � � � � 
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�(�C�o�n�t�i�n�u�e�d�)� 
� � 

� � 

� � � � � � � � 

�M�a�h�r�t� �e�t� �a�l�.�,� �1�9�9�0� �|�|� �B�i�r�t�h� �w�e�i�g�h�t� �.�5�3� �(�.�6�8�)� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �S�i�r�e�s� �x� 
�W�e�a�n�i�n�g� �w�e�i�g�h�t� �.�3�7� �(�.�6�1�)� �A�n�g�u�s� �d�a�m�s� 
�Y�e�a�r�l�i�n�g� �w�e�i�g�h�t� �5�4� �(�.�5�8�)� 

�a� �b� �*� �S�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�.� �f�r�o�m� 
�S�w�a�n�,� �1�9�9�2� �B�i�r�t�h� �w�e�i�g�h�t� �-�.�0�8�°�(�.�3�0�)� �.�1�7� �(�.�3�3�)� �|�|� �e�x�p�e�c�.� 

�W�e�a�n�i�n�g� �w�e�i�g�h�t� �(�d�i�r�e�c�t�)� �|�}� �.�0�4�°�(�.�4�2�)� �.�1�4�*� �(�.�4�2�)� �|�|� �1�0�0�%� �v�s� �2�5�0�%� �a�n�d� �5�7�5� 
�W�e�a�n�i�n�g� �w�e�i�g�h�t� �-� �.�1�5�*� �(�.�4�2�)� �|�|� �%�S�i�m�m�e�n�t�a�l� �c�a�l�v�e�s�.� 
�(�m�a�t�e�r�n�a�l�)� 
�Y�e�a�r�l�i�n�g� �w�e�i�g�h�t� �0�4�°�(�.�4�2�)� �0�2�°� �(�.�4�2�)� 
�G�e�s�t�a�t�i�o�n� �l�e�n�g�t�h� �2�2� �(�3�8�)� �.�3�4� �(�4�1�)� � � � � 
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�C�H�A�P�T�E�R� �2� 

�U�S�E� �O�F� �C�O�R�R�E�L�A�T�I�O�N�S� �O�F� �P�R�E�D�I�C�T�E�D� �B�R�E�E�D�I�N�G� �V�A�L�U�E�S� �T�O� �A�S�S�E�S�S� 

�G�E�N�E�T�I�C� �C�O�R�R�E�L�A�T�I�O�N�S� �I�N� �P�E�R�F�O�R�M�A�N�C�E�S� �A�C�R�O�S�S� 

�E�N�V�I�R�O�N�M�E�N�T�S�:� �E�F�F�E�C�T� �O�F� �M�U�L�T�I�T�R�A�I�T� �S�E�L�E�C�T�I�O�N� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�A� �f�u�n�d�a�m�e�n�t�a�l� �q�u�e�s�t�i�o�n� �i�n� �g�e�n�e�t�i�c� �i�m�p�r�o�v�e�m�e�n�t� �p�r�o�g�r�a�m�s� �i�n�v�o�l�v�i�n�g� �d�i�v�e�r�s�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� 

�c�o�n�d�i�t�i�o�n�s� �i�s� �w�h�e�t�h�e�r� �t�h�e� �g�e�n�e�t�i�c� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �t�r�a�i�t�s� �o�f� �i�n�t�e�r�e�s�t� �w�i�l�l� �b�e� �l�a�r�g�e�r� �w�h�e�n� 

�s�e�l�e�c�t�i�o�n� �i�s� �p�r�a�c�t�i�c�e�d� �u�n�d�e�r� �t�h�e� �s�p�e�c�i�f�i�c� �c�o�n�d�i�t�i�o�n�s� �u�n�d�e�r� �w�h�i�c�h� �t�h�e� �i�m�p�r�o�v�e�d� �a�n�i�m�a�l�s� �w�i�l�l� 

�h�a�v�e� �t�o� �p�e�r�f�o�r�m�.� �F�a�l�c�o�n�e�r� �(�1�9�5�2�)� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �t�h�e� �g�e�n�e�t�i�c� �b�a�s�i�s� �f�o�r� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �o�n�e� 

�e�n�v�i�r�o�n�m�e�n�t� �d�o�e�s� �n�o�t� �h�a�v�e� �t�o� �b�e� �t�h�e� �s�a�m�e� �a�s� �t�h�a�t� �f�o�r� �a�n�i�m�a�l� �p�e�r�f�o�r�m�a�n�c�e� �f�o�r� �t�h�e� �s�a�m�e� 

�t�r�a�i�t� �i�n� �a� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�.� �T�h�u�s�,� �r�e�l�i�a�b�l�e� �k�n�o�w�l�e�d�g�e� �o�f� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �a�n�i�m�a�l�s�'� 

�p�e�r�f�o�r�m�a�n�c�e� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �a�n�d�/�o�r� �m�a�n�a�g�e�r�i�a�l� �c�o�n�d�i�t�i�o�n�s� �i�s� �n�e�e�d�e�d� �t�o� �s�y�s�t�e�m�a�t�i�c�a�l�l�y� 

�r�e�a�l�i�z�e� �g�e�n�e�t�i�c� �i�m�p�r�o�v�e�m�e�n�t� �a�c�r�o�s�s� �a�l�l� �e�n�v�i�r�o�n�m�e�n�t�s�.� �T�o� �t�h�a�t� �e�n�d�,� �a� �n�u�m�b�e�r� �o�f� 

�e�x�p�e�r�i�m�e�n�t�s� �h�a�v�e� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �w�i�t�h� �t�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �v�a�l�i�d�a�t�i�n�g� �t�h�e� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� 

�v�a�l�u�e�s� �(�B�V�)� �o�f� �s�i�r�e�s� �i�n� �a�n� �e�n�v�i�r�o�n�m�e�n�t� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �i�n� �w�h�i�c�h� �t�h�e� 

�i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �p�r�o�c�e�s�s� �w�a�s� �o�b�t�a�i�n�e�d� �(�R�u�v�u�n�a� �a�n�d� �M�c�D�a�n�i�e�l�,� �1�9�8�3�;� 

�O�l�d�e�n�b�r�o�e�k� �a�n�d� �M�e�i�j�e�r�i�n�g�,� �1�9�8�6�;� �T�i�l�s�h� �e�t� �a�l�.�,� �1�9�8�9�;� �M�a�h�r�t� �e�t� �a�l�.�,� �1�9�9�0�)�.� 

�I�n� �g�e�n�e�r�a�l�,� �t�h�e� �s�t�u�d�y� �o�f� �g�e�n�o�t�y�p�e� �b�y� �e�n�v�i�r�o�n�m�e�n�t� �i�n�t�e�r�a�c�t�i�o�n� �(�G� �x� �E�)� �h�a�s� �f�o�c�u�s�e�d� �i�n� �t�w�o� 

�d�i�r�e�c�t�i�o�n�s�.� �T�h�e� �f�i�r�s�t� �f�o�c�u�s� �i�s� �o�n� �e�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e� �G� �x� �E� �i�n�t�e�r�a�c�t�i�o�n� �v�a�r�i�a�n�c�e� �c�o�m�p�o�n�e�n�t� 

�(�R�o�b�e�r�t�s�o�n�,� �1�9�5�9�;� �D�i�c�k�e�r�s�o�n�,� �1�9�6�2�;� �Y�a�m�a�d�a�,� �1�9�6�2�)� �w�h�i�c�h� �c�a�n� �t�h�e�n� �b�e� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� 

�t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �a�m�o�n�g� �e�x�p�r�e�s�s�i�o�n�s� �o�f� �t�h�e� �s�a�m�e� �t�r�a�i�t� �i�n� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s�.� �T�h�e� 
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�s�e�c�o�n�d� �a�p�p�r�o�a�c�h� �f�o�c�u�s�e�s� �o�n� �e�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�d�u�c�t� �m�o�m�e�n�t� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �s�i�r�e�s�'� 

�p�r�e�d�i�c�t�e�d� �B�V� �f�o�r� �t�h�e� �s�a�m�e� �t�r�a�i�t�s� �i�n� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s� �o�r� �p�r�o�d�u�c�t�i�o�n� �s�y�s�t�e�m�s� 

�(�O�l�d�e�n�b�r�o�e�k� �a�n�d� �M�e�i�j�e�r�i�n�g�,� �1�9�8�6�;� �T�i�l�s�c�h� �e�t� �a�l�.�,� �1�9�8�9�;� �M�a�h�r�t� �e�t� �a�l�.�,� �1�9�9�0�;� �S�w�a�n�,� �1�9�9�2�)�.� 

�T�h�e� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �l�a�t�t�e�r� �p�r�o�c�e�d�u�r�e� �r�e�q�u�i�r�e�s� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�e� �B�V� 

�p�r�e�d�i�c�t�i�o�n� �a�n�d� �o�f� �t�h�e� �m�e�t�h�o�d� �o�f� �p�r�e�d�i�c�t�i�o�n�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �p�r�o�p�e�r� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� 

�o�b�s�e�r�v�e�d� �c�o�r�r�e�l�a�t�i�o�n� �m�u�s�t� �c�o�n�s�i�d�e�r� �i�t�s� �e�x�p�e�c�t�e�d� �v�a�l�u�e�,� �a�s� �n�o�t�e�d� �b�y� �C�a�l�o� �e�t� �a�l�.� �(�1�9�7�3�)�,� 

�B�l�a�n�c�h�a�r�d� �e�t� �a�l�.� �(�1�9�8�3�)� �a�n�d� �N�o�t�t�e�r� �a�n�d� �D�i�a�z� �(�1�9�9�2�)� �a�n�d� �r�e�q�u�i�r�e�s� �t�h�a�t� �c�e�r�t�a�i�n� �c�o�n�d�i�t�i�o�n�s� �b�e� 

�m�e�t� �(�T�a�y�l�o�r� �1�9�8�3�)�.� �T�h�e�s�e� �i�n�c�l�u�d�e� �(�1�)� �n�o� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�m�o�n�g� �p�a�r�e�n�t�s� �o�f� �m�e�a�s�u�r�e�d� �a�n�i�m�a�l�s�,� 

�(�2�)� �n�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �a�n�i�m�a�l�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� 

�a�n�d� �(�3�)� �n�o� �o�t�h�e�r� �c�o�v�a�r�i�a�n�c�e�s� �a�m�o�n�g� �p�r�e�d�i�c�t�e�d� �B�V� �w�i�t�h�i�n� �e�i�t�h�e�r� �e�n�v�i�r�o�n�m�e�n�t� �(�T�a�y�l�o�r�,� 

�1�9�8�3�)�,� �a�s� �w�e�l�l� �a�s� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �o�f� �r�a�n�d�o�m� �s�a�m�p�l�i�n�g� �o�f� �s�i�r�e�s� �(�N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)�.� 

�R�e�g�r�e�s�s�i�o�n� �o�f� �s�i�r�e� �p�r�e�d�i�c�t�e�d� �B�V� �i�n� �o�n�e� �e�n�v�i�r�o�n�m�e�n�t� �o�n� �t�h�e� �p�r�e�d�i�c�t�e�d� �B�V� �o�f� �t�h�e� �s�a�m�e� �s�i�r�e� 

�i�n� �a� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t� �m�i�g�h�t� �b�e� �a�l�s�o� �u�s�e�d� �t�o� �a�s�s�e�s�s� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �G� �x� �E� �i�n�t�e�r�a�c�t�i�o�n� 

�(�N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)�.� �R�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s� �i�s� �p�a�r�t�i�c�u�l�a�r� �u�s�e�f�u�l� �t�o�o�l� �i�n� �t�h�i�s� �a�s�s�e�s�s�m�e�n�t� �i�f� 

�s�e�l�e�c�t�i�o�n� �h�a�s� �b�e�e�n� �p�r�a�c�t�i�c�e�d� �i�n� �o�n�e� �o�f� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�s� �s�i�n�c�e� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �i�s� 

�n�o�t� �b�i�a�s�e�d� �b�y� �s�e�l�e�c�t�i�o�n� �o�f� �s�i�r�e�s� �s�o� �l�o�n�g� �a�s� �n�o� �s�e�l�e�c�t�i�o�n� �h�a�s� �b�e�e�n� �p�r�a�c�t�i�c�e�d� �o�n� �p�r�o�g�e�n�y� �i�n� 

�t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t�.� 

�T�h�e� �s�p�e�c�i�a�l� �c�a�s�e� �o�f� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �o�f� �s�i�r�e�s�,� �w�h�i�c�h� �i�n�v�o�l�v�e�s� �e�x�c�l�u�d�i�n�g� �s�i�r�e�s� �t�h�a�t� �a�r�e� 

�n�e�a�r� �t�h�e� �m�e�a�n�,� �c�a�n� �b�e� �u�s�e�d� �t�o� �d�i�m�i�n�i�s�h� �t�h�e� �s�a�m�p�l�i�n�g� �v�a�r�i�a�n�c�e�s� �o�f� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� 

�a�n�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �(�H�i�l�l�,� �1�9�7�2�,� �H�i�l�l� �a�n�d� 

�T�h�o�m�p�s�o�n�,� �1�9�7�7�;� �H�i�l�l�,� �1�9�9�0�)�.� �W�h�e�n� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �i�s� �t�o� �b�e� �p�r�a�c�t�i�c�e�d� �f�o�r� �t�w�o� �t�r�a�i�t�s�,� 

�a�n� �o�p�t�i�o�n� �i�s� �t�o� �f�i�r�s�t� �a�l�l�o�c�a�t�e� �s�i�r�e�s� �i�n�t�o� �t�w�o� �d�i�v�e�r�g�e�n�t� �g�r�o�u�p�s� �b�a�s�e�d� �o�n� �o�n�e� �t�r�a�i�t�,� �a�n�d� �t�o� �t�h�e�n� 

�s�e�l�e�c�t� �d�i�v�e�r�g�e�n�t�l�y� �f�o�r� �t�h�e� �o�t�h�e�r� �t�r�a�i�t� �(�H�i�l�l�,� �1�9�9�0�)�.� �A�s� �p�o�i�n�t�e�d� �o�u�t� �b�y� �H�i�l�l� �(�1�9�9�0�)�,� �a�s� �t�h�e� 

�n�u�m�b�e�r� �o�f� �t�r�a�i�t�s� �i�n�c�r�e�a�s�e�s� �t�h�e� �c�o�m�p�l�e�x�i�t�y� �o�f� �a�p�p�l�y�i�n�g� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �a�l�s�o� �i�n�c�r�e�a�s�e�s�.� 
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�N�o�t�t�e�r� �a�n�d� �D�i�a�z� �(�1�9�9�2�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �s�i�n�g�l�e� �t�r�a�i�t� �s�e�l�e�c�t�i�o�n� �o�n� �t�h�e� 

�c�o�r�r�e�l�a�t�i�o�n� �o�f� �s�i�r�e�s �� �p�r�e�d�i�c�t�e�d� �B�V� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �a�n�d� �o�n� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �o�f� �s�i�r�e�s �� 

�p�r�e�d�i�c�t�e�d� �B�V� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t� �o�n� �s�i�r�e�s �� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �i�n� �t�h�e� �f�i�r�s�t� 

�e�n�v�i�r�o�n�m�e�n�t�.� �S�e�l�e�c�t�i�o�n� �w�a�s� �n�e�c�e�s�s�a�r�i�l�y� �a�s�s�u�m�e�d� �t�o� �b�e� �p�r�a�c�t�i�c�e�d� �a�f�t�e�r� �e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� 

�f�i�r�s�t� �e�n�v�i�r�o�n�m�e�n�t� �b�u�t� �b�e�f�o�r�e� �e�v�a�l�u�a�t�i�o�n� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t�.� �A�l�l� �e�v�a�l�u�a�t�i�o�n�s� �o�f� �s�i�r�e�s� 

�w�e�r�e� �a�s�s�u�m�e�d� �t�o� �c�o�m�e� �f�r�o�m� �s�i�n�g�l�e�-�t�r�a�i�t�s� �a�n�a�l�y�s�e�s�.� �C�o�r�r�e�l�a�t�i�o�n�s� �w�e�r�e� �b�i�a�s�e�d� �b�y� �s�e�l�e�c�t�i�o�n� 

�b�u�t� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �a�p�p�e�a�r�e�d� �u�n�b�i�a�s�e�d�.� �F�o�r�m�u�l�a�s� �w�e�r�e� �d�e�r�i�v�e�d� �t�o� �a�c�c�o�m�m�o�d�a�t�e� �e�f�f�e�c�t�s� �o�f� 

�s�e�l�e�c�t�i�o�n� �o�n� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�.� 

�G�e�n�e�t�i�c� �e�v�a�l�u�a�t�i�o�n� �o�f� �s�i�r�e�s� �i�s� �b�e�c�o�m�i�n�g� �w�i�d�e�s�p�r�e�a�d� �t�h�e� �i�n�d�u�s�t�r�y�.� �H�e�n�c�e�,� �m�a�n�y� �a�n�i�m�a�l�s� 

�h�a�v�e� �b�e�e�n� �e�v�a�l�u�a�t�e�d� �w�i�t�h�i�n� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s� �o�r� �m�a�n�a�g�e�r�i�a�l� �c�o�n�d�i�t�i�o�n�s�.� �M�o�s�t� �b�e�e�f� 

�s�i�r�e� �e�v�a�l�u�a�t�i�o�n� �p�r�o�g�r�a�m�s� �m�a�k�e� �u�s�e� �o�f� �m�u�l�t�i�t�r�a�i�t� �e�v�a�l�u�a�t�i�o�n�s� �(�B�e�n�y�s�h�e�k� �e�t� �a�l�.�,� �1�9�8�8�)�,� �a�n�d� �i�n� 

�t�h�e� �b�e�e�f� �c�a�t�t�l�e� �i�n�d�u�s�t�r�y�,� �t�h�e� �c�h�o�i�c�e� �o�f� �b�u�l�l�s� �i�s� �u�s�u�a�l�l�y� �b�a�s�e�d� �u�p�o�n� �a� �n�u�m�b�e�r� �o�f� �t�r�a�i�t�s�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �t�r�a�i�t�s� �a�r�e� �n�o�t� �u�s�u�a�l�l�y� �c�o�m�b�i�n�e�d� �i�n� �a� �s�y�s�t�e�m�a�t�i�c� �o�r� �o�p�t�i�m�a�l� �w�a�y� �t�o� �c�o�n�s�t�r�u�c�t� 

�f�o�r�m�a�l� �s�e�l�e�c�t�i�o�n� �i�n�d�i�c�e�s�.� �T�h�u�s�,� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �s�i�r�e�s� �f�r�o�m� �o�n�e� �e�n�v�i�r�o�n�m�e�n�t� �t�o� �a�n�o�t�h�e�r� 

�i�n�v�o�l�v�e�s� �a� �s�e�l�e�c�t�i�o�n� �p�r�o�c�e�s�s� �w�h�i�c�h� �m�i�g�h�t� �i�n�v�o�l�v�e� �a� �n�u�m�b�e�r� �o�f� �c�o�r�r�e�l�a�t�e�d� �t�r�a�i�t�s�.� �W�h�e�n� �u�s�i�n�g� 

�c�o�r�r�e�l�a�t�i�o�n�s� �o�f� �p�r�e�d�i�c�t�e�d� �B�V� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �i�n� �o�r�d�e�r� �t�o� �d�e�t�e�c�t� �G� �x� �E� �i�n�t�e�r�a�c�t�i�o�n�,� �t�h�e� 

�s�p�e�c�i�f�i�c� �s�e�l�e�c�t�i�o�n� �h�i�s�t�o�r�y� �o�f� �t�h�e� �s�i�r�e�s� �s�h�o�u�l�d� �b�e� �t�a�k�e�n� �i�n�t�o� �c�o�n�s�i�d�e�r�a�t�i�o�n� �i�n� �o�r�d�e�r� �t�o� 

�p�r�o�p�e�r�l�y� �i�n�t�e�r�p�r�e�t� �t�h�e� �r�e�s�u�l�t�s�.� 

�M�a�t�e�r�n�a�l� �p�e�r�f�o�r�m�a�n�c�e� �h�a�s� �n�o�t� �b�e�e�n� �e�x�t�e�n�s�i�v�e�l�y� �s�t�u�d�i�e�d� �w�i�t�h� �r�e�g�a�r�d� �t�o� �G� �x� �E� �i�n�t�e�r�a�c�t�i�o�n� 

�(�H�a�n�f�o�r�d� �e�t� �a�l�.�,� �1�9�8�8�)�.� �T�h�e� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �o�n� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �i�s� �g�e�n�e�t�i�c�a�l�l�y� �c�o�r�r�e�l�a�t�e�d� �t�o� 

�t�h�e� �d�i�r�e�c�t� �e�f�f�e�c�t� �(�e�.�g�.�,� �C�a�n�t�e�t�,� �1�9�9�0�;� �M�e�y�e�r� �e�t� �a�l�.�,� �1�9�9�2�)�,� �a�n�d� �b�o�t�h� �a�r�e� �n�o�r�m�a�l�l�y� �e�v�a�l�u�a�t�e�d� 

�s�i�m�u�l�t�a�n�e�o�u�s�l�y�.� �T�h�e� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �c�o�m�p�o�n�e�n�t�s� �o�f� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �a�r�e� �p�a�r�t�i�c�u�l�a�r�l�y� 
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�i�n�t�e�r�e�s�t�i�n�g� �f�r�o�m� �a� �m�e�t�h�o�d�o�l�o�g�i�c�a�l� �v�i�e�w�p�o�i�n�t� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �e�f�f�e�c�t� �o�f� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� 

�s�e�l�e�c�t�i�o�n� �o�n� �t�w�o� �c�o�r�r�e�l�a�t�e�d� �t�r�a�i�t�s� �o�n� �e�x�p�e�c�t�e�d� �c�o�r�r�e�l�a�t�i�o�n�s� �o�f� �p�r�e�d�i�c�t�e�d� �B�V�.� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �d�e�t�e�r�m�i�n�e� �b�y� �c�o�m�p�u�t�e�r� �s�i�m�u�l�a�t�i�o�n� �t�h�e� �e�x�p�e�c�t�e�d� 

�c�o�r�r�e�l�a�t�i�o�n� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �a�s� 

�a�f�f�e�c�t�e�d� �b�y� �s�e�l�e�c�t�i�o�n� �b�a�s�e�d� �o�n� �e�s�t�i�m�a�t�e�s� �o�f� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �f�o�r� �m�o�r�e� �t�h�a�n� �o�n�e� �t�r�a�i�t�.� �E�f�f�e�c�t�s� 

�o�f� �a�c�c�u�r�a�c�i�e�s� �o�f� �B�V� �p�r�e�d�i�c�t�i�o�n�s� �o�n� �e�x�p�e�c�t�e�d� �c�o�r�r�e�l�a�t�i�o�n�s� �w�i�l�l� �b�e� �a�l�s�o� �c�o�n�s�i�d�e�r�e�d�.� 

�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�T�r�u�e� �a�n�d� �p�r�e�d�i�c�t�e�d� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �o�f� �s�i�r�e�s� �w�e�r�e� �s�i�m�u�l�a�t�e�d� �f�o�r� 

�p�o�p�u�l�a�t�i�o�n�s� �o�f� �s�i�r�e�s� �e�v�a�l�u�a�t�e�d� �i�n�d�e�p�e�n�d�e�n�t�l�y� �i�n� �t�w�o� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s�.� �S�e�l�e�c�t�e�d� 

�s�u�b�s�a�m�p�l�e�s� �o�f� �s�i�r�e�s� �w�e�r�e� �t�h�e�n� �c�h�o�s�e�n� �f�r�o�m� �t�h�e� �p�o�p�u�l�a�t�i�o�n�s� �b�a�s�e�d� �o�n� �v�a�r�i�o�u�s� �s�e�l�e�c�t�i�o�n� 

�c�r�i�t�e�r�i�a�.� �S�e�l�e�c�t�i�o�n� �w�a�s� �b�a�s�e�d� �o�n� �p�r�e�d�i�c�t�e�d� �B�V� �f�o�r� �b�o�t�h� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �t�r�a�i�t�s� �i�n� �t�h�e� 

�f�i�r�s�t� �e�n�v�i�r�o�n�m�e�n�t�.� �O�b�s�e�r�v�e�d� �c�o�r�r�e�l�a�t�i�o�n�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� 

�p�r�e�d�i�c�t�e�d� �B�V� �w�e�r�e� �t�h�e�n� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �t�h�e� �s�e�l�e�c�t�e�d� �s�u�b�p�o�p�u�l�a�t�i�o�n�s� �a�n�d� �c�o�m�p�a�r�e�d� �t�o� �b�o�t�h� 

�u�n�s�e�l�e�c�t�e�d� �v�a�l�u�e�s� �a�n�d� �t�o� �t�h�e�o�r�e�t�i�c�a�l� �e�x�p�e�c�t�e�d� �v�a�l�u�e�s� �d�e�r�i�v�e�d� �f�r�o�m� �s�i�n�g�l�e� �t�r�a�i�t� �s�e�l�e�c�t�i�o�n� 

�t�h�e�o�r�y� �(�N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)�.� 

�S�i�m�u�l�a�t�i�o�n� �P�r�o�c�e�d�u�r�e�s� 

�T�r�u�e� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �(�B�V�)� �a�n�d� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �o�f� �s�i�r�e�s� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �i�n� 

�t�w�o� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s� �w�e�r�e� �s�i�m�u�l�a�t�e�d� �f�o�r� �a� �h�y�p�o�t�h�e�t�i�c�a�l� �p�o�p�u�l�a�t�i�o�n� �o�f� �s�i�r�e�s� �a�n�d� �u�s�e�d� 

�t�o� �d�e�r�i�v�e� �p�r�e�d�i�c�t�e�d� �B�V� �f�o�r� �e�a�c�h� �a�n�i�m�a�l� �i�n� �e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t�.� �T�h�u�s�,� �f�o�r� �e�a�c�h� �a�n�i�m�a�l� �a� 

�r�a�n�d�o�m� �v�e�c�t�o�r� �o�f� �s�i�z�e� �e�i�g�h�t� �w�a�s� �s�i�m�u�l�a�t�e�d� �c�o�n�t�a�i�n�i�n�g� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V�s� �a�n�d� 

�p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �i�n� �e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t�.� �G�e�n�e�t�i�c� �c�o�v�a�r�i�a�n�c�e�s� �a�m�o�n�g� �B�V� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� 
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�e�x�i�s�t� �w�i�t�h�i�n� �a�n�d� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s�.� �P�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �c�o�v�a�r�i�a�n�c�e�s� �w�e�r�e� �a�s�s�u�m�e�d� �b�e�t�w�e�e�n� 

�t�r�a�i�t�s� �w�i�t�h�i�n� �e�n�v�i�r�o�n�m�e�n�t�s�,� �b�u�t� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �c�o�v�a�r�i�a�n�c�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �w�e�r�e� 

�a�s�s�u�m�e�d� �t�o� �b�e� �n�u�l�l�.� �G�i�v�e�n� �t�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s�,� �t�h�e� �s�i�m�u�l�a�t�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d� �i�n� �a� �s�t�e�p�w�i�s�e� 

�m�a�n�n�e�r� �i�n� �o�r�d�e�r� �t�o� �c�o�n�t�r�o�l� �t�h�e� �p�r�o�c�e�s�s� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �e�s�t�a�b�l�i�s�h�e�d� �a�s�s�u�m�p�t�i�o�n�s�.� 

�S�i�m�u�l�a�t�i�o�n� �o�f� �t�r�u�e� �a�n�d� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �i�n� �t�h�e� �f�i�r�s�t� �e�n�v�i�r�o�n�m�e�n�t�.� 

�F�O�R�T�R�A�N� �p�r�o�g�r�a�m�s� �w�e�r�e� �w�r�i�t�t�e�n� �t�o� �p�e�r�f�o�r�m� �t�h�e� �s�i�m�u�l�a�t�i�o�n�s�.� �D�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� 

�b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�n�d� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �f�o�r� �e�a�c�h� �t�r�a�i�t� �w�i�t�h�i�n� �t�h�e� �f�i�r�s�t� �e�n�v�i�r�o�n�m�e�n�t� �w�e�r�e� 

�a�s�s�u�m�e�d� �t�o� �h�a�v�e� �a� �j�o�i�n�t� �n�o�r�m�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �N� �(�0�,� �V�)� �w�i�t�h� �V� �=� �v�a�r� �(�B�V�,�,�B�V�,�,�,�,�P�E�,�,�P�E�,�,�,�)�-� 

� � 

� � 

� � 

�2� �2�\�-�~�2� �2� �2� �|� �O�z�,� �S�a�m� �(�1�-�a�c�c�z� �)�o�z�,� �T� �p�e�a�,� �m�0� �4� �O�m� �J� �(�l�-�a�c�e�;�,� �)�(�1 ��a�c�e�;�,� �)� 
�2� �2� �2� �2� �\� �<�2�  ��_� �O�m� �"�p�e�a�,� �m� �O�a�,� �O�m� �V� �(�1�-�a�c�e�j�,� �)�(�1�-�a�c�c�;�,� �)� �(�1�-�a�c�c�,�,� �)�O�n�,� 

�2� �\� �<�2� �2� �2� �s�y�m� �(�1�-�a�c�c�z�,� �o�g�,� �T� �p�e�g�,� �g�m� �O�c�h� �O�m� �J� �(�1 ��a�c�e�z� �)�(�1 �� �a�c�e�,� �)� 
�2� �\�~�2� �(�1�-�a�c�e�,�,�,� �)�O�n�,� 

�w�h�e�r�e� �f�o�r� �e�n�v�i�r�o�n�m�e�n�t� �1�,� 

�O�7�2�,� �=� �v�a�r�i�a�n�c�e� �o�f� �t�h�e� �d�i�r�e�c�t� �b�r�e�e�d�i�n�g� �v�a�l�u�e�;� 

�c�o�?� �=�v�a�r�i�a�n�c�e� �o�f� �t�h�e� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�;� 
�m� 

�O�g�m� �=� �c�o�v�a�r�i�a�n�c�e� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�;� 

�a�c�c�,� �=� �a�c�c�u�r�a�c�y� �o�f� �d�i�r�e�c�t� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�;� 

�a�c�c�,�,� �=� �a�c�c�u�r�a�c�y� �o�f� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�;� 

�T�n�e�,� �=� �C�o�r�r�e�l�a�t�i�o�n� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s�.� 

�V�a�l�u�e�s� �f�o�r� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �v�a�r�i�a�n�c�e�s� �a�n�d� �c�o�v�a�r�i�a�n�c�e�s� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �2�.�1�.� �T�h�e� �v�a�l�u�e� �f�o�r� 

�t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �d�a�t�a� �a�n�d� �w�a�s� 
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�e�m�p�i�r�i�c�a�l�l�y� �o�b�t�a�i�n�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �a� �l�a�t�e�r� �s�e�c�t�i�o�n�.� �A�c�c�u�r�a�c�i�e�s� �w�e�r�e� �a�s�s�i�g�n�e�d� �i�n� �t�w�o� 

�d�i�f�f�e�r�e�n�t� �m�a�n�n�e�r�s� �w�h�i�c�h� �w�i�l�l� �l�i�k�e�w�i�s�e� �b�e� �d�e�s�c�r�i�b�e�d� �l�a�t�e�r�.� 

�T�o� �s�i�m�u�l�a�t�e� �B�V� �a�n�d� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �w�i�t�h�i�n� �a�n� �e�n�v�i�r�o�n�m�e�n�t�,� �a� �C�h�o�l�e�s�k�y� �f�a�c�t�o�r�i�z�a�t�i�o�n� �o�f� 

�V� �i�n�t�o� �T�'�T� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�h�e�r�e� �T� �i�s� �a�n� �u�n�i�q�u�e� �u�p�p�e�r� �t�r�i�a�n�g�u�l�a�r� �m�a�t�r�i�x�,� �s�u�c�h� �t�h�a�t� �T�'�T� �=� 

�V� �(�G�r�a�y�b�i�l�l� �,� �1�9�7�6�;� �I�M�S�L�,� �1�9�8�7�)�.� �A� �r�o�w� �v�e�c�t�o�r� �c�o�n�t�a�i�n�i�n�g� �f�o�u�r� �i�n�d�e�p�e�n�d�e�n�t� �n�o�r�m�a�l� 

�d�e�v�i�a�t�e�s� �f�r�o�m� �N�(�0�,�1�)� �d�i�s�t�r�i�b�u�t�i�o�n�s� �w�a�s� �t�h�e�n� �g�e�n�e�r�a�t�e�d� �f�o�r� �e�a�c�h� �a�n�i�m�a�l�,� �a�n�d� �t�h�e� �m�a�t�r�i�x� 

�c�o�n�t�a�i�n�i�n�g� �a�l�l� �r�o�w� �v�e�c�t�o�r�s� �o�f� �d�e�v�i�a�t�e�s� �w�a�s� �p�o�s�t�m�u�l�t�i�p�l�i�e�d� �b�y� �T�.� �T�h�e� �f�i�n�a�l� �e�x�p�r�e�s�s�i�o�n� �o�f� 

�t�r�u�e� �d�i�r�e�c�t� �B�V� �w�a�s� �t�h�e�n�:� 

�B�V�,� �=� �R�n�g�.� �O�g�,� 

�w�h�e�r�e�:� 

�R�n�g�,� �=� �N� �(�0�,�1�)� �r�a�n�d�o�m� �d�e�v�i�a�t�e� �f�o�r� �d�i�r�e�c�t� �b�r�e�e�d�i�n�g� �v�a�l�u�e�.� 

�T�h�e� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �t�h�e�n� �w�a�s� �f�o�r�m�u�l�a�t�e�d� �a�s�:� 

�B�V�,� �=� �R�N�G� �T�o� �4�,�,�5�m� �+� �R�y�,� �[�V�(�l�-� �7�3�)� �O�n�,� �|� 

�w�h�e�r�e� �:� 

�R�n� �N� �(�0�,� �1�)� �r�a�n�d�o�m� �d�e�v�i�a�t�e� �f�o�r� �r�e�s�i�d�u�a�l� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�;� �a�n�d� 
�m� 

�I�t� �l�s� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s�.� 

�E�s�t�i�m�a�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �t�h�e�n� �w�e�r�e� �d�e�f�i�n�e�d� �a�s�:� 

�E�B�V�,� �=� �B�V�,�  �� �P�E�,� 

�E�B�V�,�,� �=� �B�V�,�,�  �� �P�E�,�,� 
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�w�h�e�r�e� �P�E� �s�t�a�n�d�s� �f�o�r� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �a�n�d� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�r�u�e� �a�n�d� 

�p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �(�B�V�-�E�B�V�)�.� 

�S�i�m�u�l�a�t�i�o�n� �o�f� �t�r�u�e� �a�n�d� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t�.� 

�P�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �c�o�v�a�r�i�a�n�c�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �c�o�m�e� �o�n�l�y� �f�r�o�m� �t�h�e� 

�g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �a�m�o�n�g� �t�r�a�i�t�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s�.� �G�i�v�e�n� �t�h�i�s� �a�s�s�u�m�p�t�i�o�n�,� �s�i�m�u�l�a�t�i�o�n� �o�f� 

�t�r�u�e� �a�n�d� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �i�n� �t�h�r�e�e� 

�s�t�e�p�s�:� 

�S�i�m�u�l�a�t�i�o�n� �o�f� �t�r�u�e� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t�:� 

�T�r�u�e� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �a� �j�o�i�n�t� �n�o�r�m�a�l� 

�d�i�s�t�r�i�b�u�t�i�o�n� �N� �(�@�,� �G�)�,� �w�h�e�r�e� �G� �i�s� �t�h�e� �(�c�o�)�v�a�r�i�a�n�c�e� �m�a�t�r�i�x� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� 

�w�i�t�h�i�n� �a�n�d� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s�.� 

�S�a�,� �T�C�s�,� �m�,� �d�,� �F�m�,� �T�e�y� �d�,� �O�4�,�S�d�,� �I�e� �m�,� �5�4�5�m�,� 

�I�G� �m�,�°�d�,� �O�n�n�,� �I�o�,� �d�,� �O�m�,� �F�d�,� �I�G�.� �m�,� �m�,� �9�m�,� 

�G�=� �I�g�y� �4�,� �G�4�,� �F�a�,� �T�G�,� �d�,� �O�m�,� �S�i�,� �G�a�m�,� �~� �4�2� �O�n�,� 

�1�G�,� �d�,� �O�n�,� �O�g�,� �I�g�,� �y�m�,� �~� �M�2� �O�n�,� �T�o�n�,� �4�,� �O�m�,� �O�g�,� �O�m�,� 

�"�G�a� �s�d�,� �"�G�m�,� �B�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �f�o�r� �t�h�e� �s�a�m�e� �t�r�a�i�t� �a�c�r�o�s�s� 

�e�n�v�i�r�o�n�m�e�n�t�s�;� 

�'� �,� �=� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �f�o�r� �d�i�f�f�e�r�e�n�t� �t�r�a�i�t�s� �a�c�r�o�s�s� 
�m�,�,�d�,� 

�e�n�v�i�r�o�n�m�e�n�t�s�,� �i� �#�j�;� �a�n�d� 

�(�a� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �f�o�r� �d�i�f�f�e�r�e�n�t� �t�r�a�i�t�s� �i�n� �t�h�e� 

�s�a�m�e� �e�n�v�i�r�o�n�m�e�n�t�;� 
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�A�s�s�u�m�p�t�i�o�n�s� �a�b�o�u�t� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�i�s� �(�c�o�)�v�a�r�i�a�n�c�e� �m�a�t�r�i�x� �w�i�l�l� �b�e� 

�d�e�s�c�r�i�b�e�d� �i�n� �a� �l�a�t�e�r� �s�e�c�t�i�o�n�.� 

�T�r�u�e� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t� �w�e�r�e� �d�e�f�i�n�e�d� �a�s� �:� 

�B�V�,�,� �=�B�,�B�V�4�,� �+� �B�y� �B�V�,� �+� �R�a�y� 
�B�V�,� �=� �B�,�B�V�,�,� �+�B�,� �B�V� �a�,� �+� �R�n�g� 

�o�r�,� �i�n� �m�a�t�r�i�x� �n�o�t�a�t�i�o�n� �a�s� �:� 

�[�B�V�,�,� �B�V�,�,�|�=�|�B�V�,� �B�V�,� �|�G�@�n�G�i�'�+�[�R�z�,� �R�n� �|� 
�w�h�e�r�e� �t�h�e� �p�a�r�t�i�a�l� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �B�V� �i�n� �e�n�v�i�r�o�n�m�e�n�t� �2� �o�n� �B�V� �i�n� �e�n�v�i�r�o�n�m�e�n�t� �1� 

�w�e�r�e� �o�b�t�a�i�n�e�d� �a�s�,� 

�I� �B�,� 
�=�G�,�,�G�;�)� �B�,� �|� �2�1 �� �1�1� 

�a�n�d� �R�,�.� �a�n�d� �R�,�,�.� �a�r�e� �t�w�o� �v�e�c�t�o�r�s� �c�o�m�i�n�g� �f�r�o�m� �a� �b�i�v�a�r�i�a�t�e� �N�(�0�,�R�)� �d�i�s�t�r�i�b�u�t�i�o�n� �w�h�e�r�e� �R� �=� 

�v�a�r� �(�B�Y�,� �,� �B�V�,� �B�Y�,� �,� �B�V�,�,�,�)� �t�h�a�t� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �p�a�r�t�i�t�i�o�n� �o�f� �t�h�e� �G� �m�a�t�r�i�x� �(�G�r�a�y�b�i�l�l�,� 

�e�=�(�%� �é�n�)� 
�G�,� �G�r�,� 

�_� �_� �_� �-�1� 
�=� �G�2�2�.�  �� �2�2� �G�,�,� �G�i�,� �G�y� 

�1�9�7�6�)� �i�n�t�o� 

�s�u�c�h� �t�h�a�t� 

�A� �C�h�o�l�e�s�k�y� �f�a�c�t�o�r�i�z�a�t�i�o�n� �(�I�M�S�L� �,�1�9�8�7�)� �o�f� �t�h�e� �2�x�2� �R� �m�a�t�r�i�x� �w�a�s� �p�e�r�f�o�r�m�e�d�.� �T�w�o� 

�i�n�d�e�p�e�n�d�e�n�t� �n�o�r�m�a�l� �d�e�v�i�a�t�e�s� �(�R�n�,�,� �,� �R�n�,�,�,�)� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �a�n�d� �t�h�e� �m�a�t�r�i�x� �c�o�n�t�a�i�n�i�n�g� �t�h�e� 

�v�e�c�t�o�r�s� �w�a�s� �p�o�s�t�m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� �T� �m�a�t�r�i�x�.� �T�h�e� �E�(� �B�V�;�,�,� �B�V�,�,�,�|�B�V�3�,�,�B�V�j�,�,�)� �a�n�d� �t�h�e� 
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�r�e�s�u�l�t�i�n�g� �r�a�n�d�o�m� �v�e�c�t�o�r�s� �w�e�r�e� �s�u�m�m�e�d� �t�o� �y�i�e�l�d� �t�h�e� �f�i�n�a�l� �s�i�m�u�l�a�t�e�d� �v�a�l�u�e�s� �f�o�r� �B�V�,� �a�n�d� 

�B�Y�,� �.� 
�2� 

�S�i�m�u�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t�:� 

�T�r�u�e� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�n�d� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� 

�h�a�v�e� �a� �j�o�i�n�t� �n�o�r�m�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �N� �(�0�,�C�)�,� �w�h�e�r�e� �C� �h�a�s� �a� �s�i�m�i�l�a�r� �s�t�r�u�c�t�u�r�e� �t�o� �V�,� �w�h�i�c�h� �h�a�s� 

�b�e�e�n� �s�h�o�w�n� �a�l�r�e�a�d�y�.� 

�P�r�e�d�i�c�t�i�o�n� �E�r�r�o�r�s� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t� �w�e�r�e� �d�e�f�i�n�e�d� �a�s�:� 

�P�E�,�,� �=� �B�,�B�V�,�,� �+�B�,� �B�V�,� �+� �S�a�,� 

�P�E�,� �=�B�,�B�V�,�,� �+�B�,� �B�V�,� �+� �S�n�,� 

�o�r�,� �i�n� �m�a�t�r�i�x� �n�o�t�a�t�i�o�n� �a�s� �:� 

�|�P�E�,�,� �P�E�,�,�|�=�|�B�V�,�,� �B�V�,�,�|�C�a�C�i�+�[�S�z�,� �S�i�n� �|� 

�w�h�e�r�e�,� �t�h�e� �p�a�r�t�i�a�l� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �o�n� �B�V� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�s� 

�a�b�o�v�e�,� �a�n�d� �S�,�,�,�S�,�,�.� �h�a�v�e� �a� �b�i�v�a�r�i�a�t�e� �N�(�0�,�S�)� �d�i�s�t�r�i�b�u�t�i�o�n� �w�h�e�r�e� �S� �=� 

�v�a�r� �(�P�E�,�,�,�P�E�n�,� �I�B�V� �4�,� �,� �B�V�,�,�,�)� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �p�a�r�t�i�t�i�o�n� �o�f� �t�h�e� �C� �m�a�t�r�i�x� �a�s� �d�e�s�c�r�i�b�e�d� 

�e�a�t�l�i�e�r� �f�o�r� �t�h�e� �G� �m�a�t�r�i�x�.� �S�i�m�i�l�a�r�l�y�,� �E� �(�P�E�,� �,�P�E�p�,� 
� � 
�B�V�,�,�,� �B�V�,�,�,�)� �w�a�s� �o�b�t�a�i�n�e�d� �a�n�d� �a�d�d�e�d� 

�t�o� �t�h�e� �S� �v�e�c�t�o�r�s� �t�o� �o�b�t�a�i�n� �P�E�,� �a�n�d� �P�E�,�,� �a�s� �d�e�f�i�n�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�.� 

�S�i�m�u�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t�:� 

�O�n�c�e� �t�r�u�e� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�n�d� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �w�e�r�e� �o�b�t�a�i�n�e�d�,� �p�r�e�d�i�c�t�e�d� �B�V� �i�n� 

�e�n�v�i�r�o�n�m�e�n�t� �2� �w�e�r�e� �s�i�m�u�l�a�t�e�d� �a�s�:� 

�E�B�V�,�,� �=� �B�V�,�,�  �� �P�E�,� 
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�C�o�r�r�e�l�a�t�i�o�n�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �w�i�t�h�i�n� �e�n�v�i�r�o�n�m�e�n�t�s�.� 

�P�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �c�o�v�a�r�i�a�n�c�e�s� �(�P�E�C�)� �w�i�t�h�i�n� �V� �a�n�d� �C� �w�e�r�e� �d�e�r�i�v�e�d� �f�r�o�m� �c�o�r�r�e�l�a�t�i�o�n�s� �o�f� 

�p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �w�i�t�h�i�n� �a�n� 

�e�n�v�i�r�o�n�m�e�n�t�.� �T�h�e� �c�o�r�r�e�l�a�t�i�o�n�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �a�c�c�u�r�a�c�i�e�s� �o�f� �d�i�r�e�c�t� �a�n�d� 

�m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �b�y� �m�e�a�n�s� �o�f� �a� �s�e�m�i�s�t�o�c�h�a�s�t�i�c� �s�i�m�u�l�a�t�i�o�n�.� �A� �v�a�r�i�e�t�y� �o�f� 

�d�e�s�i�g�n� �m�a�t�r�i�c�e�s� �w�e�r�e� �c�r�e�a�t�e�d� �i�n� �o�r�d�e�r� �t�o� �i�n�s�p�e�c�t� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�m�o�n�g� �a�c�c�u�r�a�c�i�e�s� �o�f� 

�p�r�e�d�i�c�t�i�o�n�,� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �v�a�r�i�a�n�c�e�s� �(�P�E�V�)� �a�n�d� �P�E�C�.� �P�E�V� �a�n�d� �P�E�C� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�p�r�e�d�i�c�t�e�d� �B�V� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �s�e�c�t�i�o�n� �o�f� �t�h�e� �i�n�v�e�r�s�e� �o�f� �m�i�x�e�d� �m�o�d�e�l� �e�q�u�a�t�i�o�n�s� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �r�a�n�d�o�m� �e�f�f�e�c�t�s� �(�H�e�n�d�e�r�s�o�n�,� �1�9�7�3�)�.� 

�P�r�e�d�i�c�t�e�d� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V� �c�a�n� �b�e� �c�o�n�v�e�n�i�e�n�t�l�y� �o�b�t�a�i�n�e�d� �f�r�o�m� �a� �'�d�i�r�e�c�t�-�m�a�t�e�r�n�a�l�'� 

�m�o�d�e�l� �w�h�e�r�e� �a� �d�i�r�e�c�t� �e�f�f�e�c�t� �f�o�r� �s�i�r�e� �a�n�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �a�s� �w�e�l�l� �a�s� �a� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �f�o�r� 

�t�h�e� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �a�r�e� �f�i�t�.� �S�e�v�e�r�a�l� �a�s�s�u�m�p�t�i�o�n�s� �m�u�s�t� �b�e� �m�a�d�e� �f�o�r� �t�h�i�s� �m�o�d�e�l� �t�o� �b�e� 

�v�a�l�i�d�.� �R�a�n�d�o�m� �m�a�t�i�n�g� �w�a�s� �a�s�s�u�m�e�d�;� �m�a�t�e�r�n�a�l� �g�r�a�n�d�a�m�s� �a�n�d� �d�a�m�s� �w�e�r�e� �a�s�s�u�m�e�d� 

�u�n�r�e�l�a�t�e�d� �a�n�d� �d�i�d� �n�o�t� �h�a�v�e� �m�o�r�e� �t�h�a�n� �o�n�e� �p�r�o�g�e�n�y� �a�n�d� �g�r�a�n�d�p�r�o�g�e�n�y�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �a�n�d� 

�s�i�r�e�s� �a�n�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� �w�e�r�e� �a�l�s�o� �a�s�s�u�m�e�d� �t�o� �b�e� �u�n�r�e�l�a�t�e�d�.� �F�i�t�t�i�n�g� �t�h�i�s� �m�o�d�e�l� 

�i�m�p�l�i�e�s� �a� �t�w�o�-�g�e�n�e�r�a�t�i�o�n� �a�p�p�r�o�a�c�h� �i�n� �w�h�i�c�h� �c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�c�e�s� �o�f� �t�h�e� �m�i�x�e�d� �m�o�d�e�l� 

�e�q�u�a�t�i�o�n�s� �(�H�e�n�d�e�r�s�o�n�,� �1�9�7�3�)� �w�e�r�e� �c�r�e�a�t�e�d� �u�s�i�n�g� �s�e�p�a�r�a�t�e� �m�o�d�e�l�s� �f�o�r� �e�a�c�h� �g�e�n�e�r�a�t�i�o�n�.� �A�n� 

�a�d�d�i�t�i�o�n�a�l� �a�s�s�u�m�p�t�i�o�n� �w�a�s� �t�h�e�n� �m�a�d�e�,� �f�i�r�s�t� �g�e�n�e�r�a�t�i�o�n� �c�a�l�v�e�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� 

�u�n�k�n�o�w�n� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� �a�n�d� �s�e�c�o�n�d� �g�e�n�e�r�a�t�i�o�n� �c�a�l�v�e�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� 

�u�n�k�n�o�w�n� �s�i�r�e�s�.� �T�h�u�s�,� �t�h�e� �m�o�d�e�l� �f�o�r� �f�i�r�s�t� �g�e�n�e�r�a�t�i�o�n� �r�e�c�o�r�d�s� �w�e�r�e� �f�i�t� �i�n�t�o� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�m�o�d�e�l�:� 

�Y�i�g�=� �c�g�;� �+� �s�d�,� �+� �C� �i�k� 
�w�h�e�r�e� 
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�V�i�n� �i�s� �t�h�e� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �o�f� �t�h�e� �k�t�h� �p�r�o�g�e�n�y� �o�f� �t�h�e� �j�t�h� �s�i�r�e� �i�n� �t�h�e� �i�t�h� 

�c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�;� 

�c�g�,� �i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �i�t�h� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�;� 

�s�d�;� �i�s� �t�h�e� �r�a�n�d�o�m� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�f� �t�h�e� �j�t�h� �s�i�r�e�;� 

�C�i�e� �i�s� �a� �r�e�s�i�d�u�a�l� �e�f�f�e�c�t� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �i�j�k�t�h� �r�e�c�o�r�d�.� 

�F�o�r� �r�e�c�o�r�d�s� �f�r�o�m� �t�h�e� �s�e�c�o�n�d� �g�e�n�e�r�a�t�i�o�n�,� �t�h�e� �m�o�d�e�l� �w�a�s�:� 

�=� �1� �Y�i�n� �c�g�.� �+� �V�Y� �s�d�,�+� �S�M� �+� �C�y� 

�w�h�e�r�e� 

�%� �S�d�,� �i�s� �o�n�e�-�h�a�l�f� �o�f� �t�h�e� �r�a�n�d�o�m� �a�d�d�i�t�i�v�e� �e�f�f�e�c�t� �o�f� �t�h�e� �j�t�h� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�;� 

�s�m�,� �i�s� �t�h�e� �r�a�n�d�o�m� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �o�f� �t�h�e� �j�t�h� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�.� 
�J� 

�U�s�e� �o�f� �d�i�f�f�e�r�e�n�t� �m�o�d�e�l�s� �i�n� �t�h�e� �t�w�o� �g�e�n�e�r�a�t�i�o�n�s� �l�e�d� �t�o� �d�i�f�f�e�r�e�n�t� �e�r�r�o�r� �t�e�r�m�s�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� 

�r�a�n�d�o�m� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�f�f�e�c�t�s�,� �t�h�e� �r�e�s�i�d�u�a�l� �v�a�r�i�a�n�c�e� �i�n� �t�h�e� �f�i�r�s�t� 

�g�e�n�e�r�a�t�i�o�n� �c�o�n�t�a�i�n�s� �t�h�r�e�e� �f�o�u�r�t�h�s� �o�f� �t�h�e� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t� �v�a�r�i�a�n�c�e� �p�l�u�s� �t�h�e� �t�o�t�a�l� �a�d�d�i�t�i�v�e� 

�m�a�t�e�r�n�a�l� �v�a�r�i�a�n�c�e�.� �T�h�e� �r�e�s�i�d�u�a�l� �v�a�r�i�a�n�c�e� �i�n� �t�h�e� �s�e�c�o�n�d� �g�e�n�e�r�a�t�i�o�n� �c�o�n�t�a�i�n�s� �f�i�f�t�e�e�n� 

�s�i�x�t�e�e�n�t�h�s� �o�f� �t�h�e� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t� �v�a�r�i�a�n�c�e�,� �p�l�u�s� �t�h�r�e�e� �f�o�u�r�t�h�s� �o�f� �t�h�e� �a�d�d�i�t�i�v�e� �m�a�t�e�r�n�a�l� 

�v�a�r�i�a�n�c�e�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�n�v�i�r�o�n�m�e�n�t�a�l� �v�a�r�i�a�n�c�e�.� �R�e�s�i�d�u�a�l�s� �w�e�r�e� 

�a�s�s�u�m�e�d� �t�o� �b�e� �u�n�c�o�r�r�e�l�a�t�e�d�.� �V�a�r�i�a�n�c�e� �o�f� �s�i�r�e�s� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�2�,�=� �6�7� �;� �v�a�r�i�a�n�c�e� �o�f� �t�h�e� 

�m�a�t�e�r�n�a�l� �s�i�r�e� �e�f�f�e�c�t� �w�a�s�;� �o�?�,�=�8�9� �a�n�d� �t�h�e� �c�o�v�a�r�i�a�n�c�e� �d�i�r�e�c�t�-�m�a�t�e�r�n�a�l� �s�i�r�e� �e�f�f�e�c�t�s� �w�a�s� 

�O�4� �7�-�2�1�.� �G�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �-�.�2�7� 

�(�A�P�H�A�,� �1�9�9�0�)�.� 

�A� �F�O�R�T�R�A�N� �p�r�o�g�r�a�m� �w�a�s� �w�r�i�t�t�e�n� �t�o� �b�u�i�l�d� �c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�c�e�s� �f�o�r� �t�h�e�s�e� �m�o�d�e�l�s�.� �F�i�r�s�t�l�y�,� 

�a� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �r�e�c�o�r�d�s� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a�v�a�i�l�a�b�l�e� �f�o�r� �e�v�a�l�u�a�t�i�o�n� �o�f� �a�l�l� �s�i�r�e�s� �(�f�r�o�m� �5�1�2� 

�t�o� �1�6�3�8�4� �i�n� �a� �g�e�o�m�e�t�r�i�c� �p�r�o�g�r�e�s�s�i�o�n� �o�f� �o�r�d�e�r� �2�)�.� �S�e�c�o�n�d�l�y�,� �f�o�r� �e�a�c�h� �d�a�t�a� �s�e�t� �,� �a� �n�u�m�b�e�r� �o�f� 
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�s�i�r�e�s� �(�f�r�o�m� �2� �t�o� �2�5�6� �a�l�s�o� �i�n� �a� �g�e�o�m�e�t�r�i�c� �p�r�o�g�r�e�s�s�i�o�n� �o�f� �o�r�d�e�r� �2�)� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �i�n� 

�e�v�a�l�u�a�t�i�o�n�.� �E�a�c�h� �s�i�r�e� �i�n� �a� �g�i�v�e�n� �d�e�s�i�g�n� �w�a�s� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �t�h�e� �s�a�m�e� �n�u�m�b�e�r� �o�f� �p�r�o�g�e�n�y�,� 

�b�u�t� �p�r�o�g�e�n�y� �w�e�r�e� �d�i�s�t�r�i�b�u�t�e�d� �d�i�f�f�e�r�e�n�t�l�y� �o�v�e�r� �a� �m�a�x�i�m�u�m� �n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� 

�(�4� �t�o� �1�6� �i�n� �g�e�o�m�e�t�r�i�c� �p�r�o�g�r�e�s�s�i�o�n� �o�f� �o�r�d�e�r� �2�)�.� 

�T�o� �g�e�n�e�r�a�t�e� �e�a�c�h� �c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x�,� �a� �r�a�n�d�o�m� �n�u�m�b�e�r� �f�r�o�m� �a� �u�n�i�f�o�r�m� �d�i�s�t�r�i�b�u�t�i�o�n� �r�a�n�g�i�n�g� 

�f�r�o�m� �1� �t�o� �t�h�e� �m�a�x�i�m�u�m� �n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �w�a�s� �f�i�r�s�t� �o�b�t�a�i�n�e�d� �f�o�r� �e�a�c�h� �s�i�r�e� �i�n� 

�t�h�e� �d�e�s�i�g�n�.� �T�h�i�s� �n�u�m�b�e�r� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �i�n� �w�h�i�c�h� �a� �s�i�r�e� 

�w�o�u�l�d� �h�a�v�e� �p�r�o�g�e�n�y�.� �I�f� �t�h�e� �n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �t�o� �w�h�i�c�h� �a� �s�i�r�e� �w�a�s� �a�s�s�i�g�n�e�d� 

�w�a�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �n�u�m�b�e�r� �o�f� �p�r�o�g�e�n�y� �o�f� �t�h�a�t� �s�i�r�e�,� �t�h�e� �p�r�o�c�e�d�u�r�e� �w�a�s� �r�e�p�e�a�t�e�d�.� �P�r�o�g�e�n�y� 

�o�f� �t�h�e� �s�i�r�e�s� �w�e�r�e� �t�h�e�n� �r�a�n�d�o�m�l�y� �a�s�s�i�g�n�e�d� �t�o� �s�p�e�c�i�f�i�c� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �s�o� �t�h�a�t� �t�h�e� 

�a�p�p�e�a�r�a�n�c�e� �o�f� �p�r�o�g�e�n�y� �i�n� �a� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p� �w�a�s� �a� �c�o�m�p�l�e�t�e� �r�a�n�d�o�m� �p�r�o�c�e�s�s�.� �F�o�r� 

�e�a�c�h� �h�y�p�o�t�h�e�t�i�c�a�l� �d�a�t�a� �s�e�t� �a�v�a�i�l�a�b�l�e�,� �u�p� �t�o� �2�4� �d�e�s�i�g�n� �m�a�t�r�i�c�e�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d�,� �e�a�c�h� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �n�u�m�b�e�r� �o�f� �s�i�r�e�s� �b�y� �n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �c�o�m�b�i�n�a�t�i�o�n�.� �F�o�r� 

�t�h�e� �s�m�a�l�l�e�r� �p�r�o�g�e�n�y� �n�u�m�b�e�r�s� �a�l�l� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �s�i�r�e�s� �a�n�d� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p� �n�u�m�b�e�r�s� 

�c�o�u�l�d� �n�o�t� �b�e� �a�c�c�o�m�m�o�d�a�t�e�d�.� 

�A�l�l� �s�i�r�e�s� �w�e�r�e� �a�l�s�o� �a�s�s�u�m�e�d� �t�o� �p�r�o�d�u�c�e� �r�e�c�o�r�d�s� �a�s� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s�.� �H�o�w�e�v�e�r�,� 

�m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �o�n�l�y� �h�a�l�f� �a�s� �m�a�n�y� �r�e�c�o�r�d�s� �a�s� �t�h�e�y� �h�a�d� �a�s� �s�i�r�e�s�.� 

�T�h�i�s� �a�s�s�u�m�p�t�i�o�n� �s�e�e�m� �t�o� �b�e� �a� �r�e�a�s�o�n�a�b�l�e� �i�f� �w�e� �c�o�n�s�i�d�e�r� �a� �s�i�r�e� �t�o� �h�a�v�e� �5�0�%� �f�e�m�a�l�e� 

�p�r�o�g�e�n�y� �a�n�d� �e�v�a�l�u�a�t�i�o�n�s� �o�f� �m�a�t�e�r�n�a�l� �B�V� �t�o� �b�e� �b�a�s�e�d� �p�r�i�m�a�r�i�l�y� �o�n� �f�i�r�s�t� �l�a�c�t�a�t�i�o�n�.� �M�a�t�e�r�n�a�l� 

�g�r�a�n�d�s�i�r�e�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �p�r�o�g�e�n�y� �d�i�s�t�r�i�b�u�t�e�d� �i�n� �a� �n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� 

�a�n�d� �t�h�e� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �f�o�r� �s�i�r�e� �p�r�o�g�e�n�y� �w�e�r�e� �a�s�s�u�m�e�d� �d�i�s�t�i�n�c�t� �f�r�o�m� �t�h�o�s�e� �f�o�r� 

�g�r�a�n�d�p�r�o�g�e�n�y� �(�i�.�e�.�,� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �w�e�r�e� �n�e�s�t�e�d� �w�i�t�h�i�n� �g�e�n�e�r�a�t�i�o�n�s�)�.� �T�h�e� �m�a�x�i�m�u�m� 

�n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �(�4� �t�o� �1�6� �i�n� �g�e�o�m�e�t�r�i�c� �p�r�o�g�r�e�s�s�i�o�n� �o�f� �o�r�d�e�r� �2�)� �i�n� �w�h�i�c�h� 
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�e�a�c�h� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �w�a�s� �a�l�l�o�w�e�d� �t�o� �h�a�v�e� �g�r�a�n�d�p�r�o�g�e�n�y� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �s�a�m�e� 

�a�s� �t�h�e� �m�a�x�i�m�u�m� �n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �i�n� �w�h�i�c�h� �h�e� �w�a�s� �a�l�l�o�w�e�d� �t�o� �h�a�v�e� 

�p�r�o�g�e�n�y� �a�s� �a� �s�i�r�e�.� �H�o�w�e�v�e�r�,� �a�t� �t�h�i�s� �p�o�i�n�t�,� �t�w�o� �e�x�t�r�e�m�e� �s�i�t�u�a�t�i�o�n�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d�.� �I�n� �t�h�e� 

�f�i�r�s�t�,� �b�u�l�l�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �a� �s�i�m�i�l�a�r� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�e�c�o�r�d�s� �o�v�e�r� �c�o�n�t�e�m�p�o�r�a�r�y� 

�g�r�o�u�p�s� �a�s� �s�i�r�e�s� �a�n�d� �a�s� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s�.� �T�h�e�r�e�f�o�r�e�,� �s�i�r�e�s� �w�i�t�h� �c�o�n�t�e�m�p�o�r�a�r�y� �p�r�o�g�e�n�y� 

�a�l�s�o� �h�a�d� �e�x�a�c�t�l�y� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�a�n�d�p�r�o�g�e�n�y�.� �T�h�i�s� �s�i�t�u�a�t�i�o�n� �r�e�p�r�e�s�e�n�t�s� �a� 

�c�o�m�m�o�n� �b�e�e�f� �c�a�t�t�l�e� �s�i�t�u�a�t�i�o�n� �w�h�e�r�e� �d�a�u�g�h�t�e�r�s� �o�f� �s�i�r�e�s� �b�o�r�n� �a�s� �c�o�n�t�e�m�p�o�r�a�r�i�e�s� �a�r�e� �k�e�p�t� �i�n� 

�t�h�e� �r�e�s�p�e�c�t�i�v�e� �h�e�r�d�s� �a�n�d� �p�e�r�f�o�r�m� �a�s� �c�o�n�t�e�m�p�o�r�a�r�i�e�s� �t�o� �f�e�m�a�l�e�s� �b�o�r�n� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e�.� �T�h�e� 

�s�e�c�o�n�d� �a�p�p�r�o�a�c�h� �w�a�s� �t�a�k�e�n� �i�n� �o�r�d�e�r� �t�o� �d�e�p�i�c�t� �a� �s�i�t�u�a�t�i�o�n� �w�h�e�r�e� �d�a�u�g�h�t�e�r�s� �o�f� �d�i�f�f�e�r�e�n�t� �s�i�r�e�s� 

�w�h�i�c�h� �w�e�r�e� �c�o�n�t�e�m�p�o�r�a�r�i�e�s� �a�s� �c�a�l�v�e�s� �d�i�d� �n�o�t� �h�a�v�e� �t�o� �r�e�m�a�i�n� �i�n� �t�h�e� �s�a�m�e� �c�o�n�t�e�m�p�o�r�a�r�y� 

�g�r�o�u�p�s� �a�s� �d�a�m�s�.� �I�n� �t�h�i�s� �s�i�t�u�a�t�i�o�n�,� �s�i�r�e�s� �s�h�a�r�i�n�g� �i�n�f�o�r�m�a�t�i�o�n� �i�n� �a� �n�u�m�b�e�r� �o�f� �c�o�n�t�e�m�p�o�r�a�r�y� 

�g�r�o�u�p�s� �d�i�d� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �s�h�a�r�e� �i�n�f�o�r�m�a�t�i�o�n� �i�n� �t�h�e� �s�a�m�e� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �a�s� �m�a�t�e�r�n�a�l� 

�g�r�a�n�d�s�i�r�e�s�.� �T�o� �c�r�e�a�t�e� �t�h�i�s� �s�e�c�o�n�d� �s�i�t�u�a�t�i�o�n�,� �a� �s�e�c�o�n�d� �r�a�n�d�o�m�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �s�i�m�i�l�a�r� �t�o�,� �b�u�t� 

�i�n�d�e�p�e�n�d�e�n�t� �o�f�;� �t�h�e� �o�n�e� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y� �t�o� �c�r�e�a�t�e� �t�h�e� �s�i�r�e� �p�r�o�g�e�n�y� �d�i�s�t�r�i�b�u�t�i�o�n� �w�a�s� 

�a�c�c�o�m�p�l�i�s�h�e�d� �t�o� �c�r�e�a�t�e� �g�r�a�n�d�p�r�o�g�e�n�y� �d�i�s�t�r�i�b�u�t�i�o�n�s�.� 

�T�h�e� �c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x� �t�h�a�t� �w�o�u�l�d� �h�a�v�e� �b�e�e�n� �r�e�q�u�i�r�e�d� �t�o� �s�o�l�v�e�d� �f�o�r� �p� �u�n�k�n�o�w�n� �d�i�r�e�c�t� �a�n�d� 

�m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �a�s� �w�e�l�l� �a�s� �q� �u�n�k�n�o�w�n� �f�i�x�e�d� �e�f�f�e�c�t�s� �w�a�s� �c�r�e�a�t�e�d� �a�n�d� �i�n�v�e�r�t�e�d�.� �T�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �P�E�V� �a�n�d� �P�E�C� �f�o�r� �e�a�c�h� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �w�e�r�e� �o�u�t�p�u�t� �t�o� �a� �f�i�l�e� �f�o�r� 

�e�a�c�h� �r�u�n� �o�f� �t�h�e� �p�r�o�g�r�a�m�.� �A�n� �e�x�a�m�p�l�e� �o�f� �a� �g�i�v�e�n� �d�e�s�i�g�n� �i�s� �o�n�e� �i�n� �w�h�i�c�h� �5�1�2� �r�e�c�o�r�d�s� �w�e�r�e� 

�a�s�s�u�m�e�d� �t�o� �b�e� �a�v�a�i�l�a�b�l�e� �f�o�r� �e�i�g�h�t� �s�i�r�e�s� �w�i�t�h� �6�4� �r�e�c�o�r�d�s� �p�e�r� �s�i�r�e�.� �T�h�o�s�e� �e�i�g�h�t� �s�i�r�e�s� �w�e�r�e� 

�a�l�s�o� �a�s�s�u�m�e�d� �t�o� �p�e�r�f�o�r�m� �a�s� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� �w�i�t�h� �3�2� �r�e�c�o�r�d�s� �e�a�c�h�.� �E�a�c�h� �s�i�r�e� �w�a�s� �g�i�v�e�n� 

�t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �b�e�i�n�g� �a�l�l�o�c�a�t�e�d� �t�o� �a� �m�a�x�i�m�u�m� �o�f� �f�o�u�r� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s�,� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �a� �m�a�x�i�m�u�m� �o�f� �4� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �w�a�s� �a�l�s�o� �a�s�s�u�m�e�d� �f�o�r� �t�h�e� �m�a�t�e�r�n�a�l� 

�g�r�a�n�d�s�i�r�e�s�.� �T�h�e� �r�a�n�d�o�m�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n�c�e�.� �T�h�e�n�,� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t� �m�a�t�r�i�x� 
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�t�h�a�t� �w�o�u�l�d� �h�a�v�e� �b�e�e�n� �r�e�q�u�i�r�e�d� �t�o� �s�o�l�v�e� �s�i�x�t�e�e�n� �u�n�k�n�o�w�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �s�i�r�e� �e�f�f�e�c�t�s� �o�f� 

�e�a�c�h� �b�u�l�l� �a�n�d� �e�i�g�h�t� �u�n�k�n�o�w�n� �f�o�r� �f�i�x�e�d� �e�f�f�e�c�t�s� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �a�n�d� �i�n�v�e�r�t�e�d�.� �T�h�e�n�,� �t�h�e� 

�P�E�V� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �a�n�d� �t�h�e� �P�E�C� �w�e�r�e� �w�r�i�t�t�e�n� �i�n�t�o� �a� �f�i�l�e� �a�n�d� �t�h�e� �p�r�o�c�e�d�u�r�e� 

�c�o�n�t�i�n�u�e�d�.� 

�E�a�c�h� �d�e�s�i�g�n�e�d� �c�o�m�b�i�n�a�t�i�o�n� �w�a�s� �r�u�n� �t�w�i�c�e�,� �o�n�c�e� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �t�w�o� �o�p�t�i�o�n� �i�n� �a�s�s�i�g�n�i�n�g� 

�s�i�r�e�s� �a�n�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� �t�o� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s�.� �R�A�N�I� �w�i�l�l� �h�e�n�c�e�f�o�r�t�h� �d�e�n�o�t�e� �t�h�e� 

�s�i�t�u�a�t�i�o�n� �i�n� �w�h�i�c�h� �t�h�e� �r�a�n�d�o�m�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �w�a�s� �d�o�n�e� �o�n�c�e� �a�n�d� �R�A�N�2� �w�i�l�l� �r�e�f�e�r� �t�o� 

�i�n�d�e�p�e�n�d�e�n�t� �r�a�n�d�o�m�i�z�a�t�i�o�n� �o�f� �s�i�r�e� �a�n�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �p�r�o�g�e�n�y� �r�e�c�o�r�d�s� �t�o� 

�c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s�.� 

�A�c�c�u�r�a�c�i�e�s� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�n�d� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �o�f� 

�p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �(�7�,�,�,�)� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �s�i�r�e� �e�f�f�e�c�t�s� �w�e�r�e� �c�o�m�p�u�t�e�d�.� �A�c�c�u�r�a�c�i�e�s� 

�w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�s� �:� 

� � 

� � �a�c�c�,� �=� �|�\�-� �e�e�l� �a�n�d� �a�c�c�,� �=� �h� �-� �P�E�N� �n� 
�O�s�a� �C�o�m� 

�w�h�e�r�e� �o�7�,� �i�s� �t�h�e� �v�a�r�i�a�n�c�e� �o�f� �s�i�r�e� �d�i�r�e�c�t� �e�f�f�e�c�t�,� �a�n�d� �6 ��,� �i�s� �t�h�e� �v�a�r�i�a�n�c�e� �o�f� �t�h�e� �m�a�t�e�r�n�a�l� �s�i�r�e� 

�e�f�f�e�c�t�.� �C�o�r�r�e�l�a�t�i�o�n�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�s� �:� 

�_� �P�E�C� 
�r� �e�e� 

�p�e� �J� �P�E�V�,�P�E�V�,�,� 

�R�e�g�r�e�s�s�i�o�n� �e�q�u�a�t�i�o�n�s� �t�o� �p�r�e�d�i�c�t� �r�,�,� �f�r�o�m� �a�c�c�,� �a�n�d� �a�c�c�,�,� �w�e�r�e� �d�e�r�i�v�e�d� �u�s�i�n�g� �t�h�e� �S�A�S� 

�(�1�9�9�0�)� �G�e�n�e�r�a�l� �L�i�n�e�a�r� �M�o�d�e�l�s� �p�r�o�c�e�d�u�r�e�.� �T�h�e� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �w�a�s� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �o�f� 
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�p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s�,� �a�n�d� �a�c�c�u�r�a�c�i�e�s� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �w�e�r�e� �f�i�t�t�e�d� �a�s� �l�i�n�e�a�r� �a�n�d� 

�q�u�a�d�r�a�t�i�c� �r�e�g�r�e�s�s�o�r�s�.� �T�h�e� �r�e�g�r�e�s�s�i�o�n� �e�q�u�a�t�i�o�n�s� �t�o� �p�r�e�d�i�c�t� �r�,�,� �w�e�r�e� �f�i�t�t�e�d� �s�e�p�a�r�a�t�e�l�y� �f�o�r� 

�e�a�c�h� �r�a�n�d�o�m�i�z�a�t�i�o�n� �s�c�e�n�a�r�i�o� �(�R�A�N�I� �a�n�d� �R�A�N�2�)� �a�n�d� �t�h�e�n� �u�s�e�d� �t�o� �c�o�n�s�t�r�u�c�t� �t�h�e� �e�l�e�m�e�n�t�s� 

�o�f� �t�h�e� �m�a�t�r�i�c�e�s� �V� �a�n�d� �C� �i�n�v�o�l�v�i�n�g� �P�E�C� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �v�a�l�u�e�s� �o�f� �a�c�c�,� �a�n�d� �a�c�c�,�,� �u�s�e�d� �i�n� 

�t�h�e� �s�i�m�u�l�a�t�i�o�n�.� 

�C�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� 

�W�e� �r�e�t�u�r�n� �n�o�w� �t�o� �t�h�e� �s�i�m�u�l�a�t�i�o�n� �o�f� �a�c�t�u�a�l� �a�n�d� �p�r�e�d�i�c�t�e�d� �B�V�s� �i�n� �t�w�o� �e�n�v�i�r�o�n�m�e�n�t�s�.� �T�o� 

�s�i�m�u�l�a�t�e� �B�V� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �o�n�e� �m�u�s�t� �r�e�c�o�g�n�i�z�e� �t�h�a�t� �t�h�e� �g�e�n�o�t�y�p�e� �o�f� �a�n� �i�n�d�i�v�i�d�u�a�l� 

�e�n�c�o�m�p�a�s�s�e�s� �t�h�e� �e�n�t�i�r�e� �s�e�t� �o�f� �g�e�n�e�s� �t�h�a�t� �i�n�d�i�v�i�d�u�a�l� �p�o�s�s�e�s�s�e�s�.� �P�a�r�t�i�c�u�l�a�r� �s�e�t�s� �o�f� �g�e�n�e�s� 

�i�n�f�l�u�e�n�c�e� �p�a�r�t�i�c�u�l�a�r� �t�r�a�i�t�s�,� �a�n�d� �g�e�n�e�s� �w�i�t�h� �p�l�e�i�o�t�r�o�p�i�c� �e�f�f�e�c�t�s� �i�n�f�l�u�e�n�c�e� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �o�f� 

�m�o�r�e� �t�h�a�n� �o�n�e� �c�h�a�r�a�c�t�e�r� �(�F�a�l�c�o�n�e�r�,� �1�9�8�9�)�.� �T�h�e� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�w�o� �t�r�a�i�t�s� 

�e�x�p�r�e�s�s�e�s� �t�h�e� �e�x�t�e�n�t� �t�o� �w�h�i�c�h� �t�w�o� �c�h�a�r�a�c�t�e�r�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �s�a�m�e� �s�e�t� �o�f� �g�e�n�e�s�,� �i�f� 

�t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �i�s� �d�u�e� �t�o� �p�l�e�i�o�t�r�o�p�i�c� �e�f�f�e�c�t�s� �a�n�d� �n�o�t� �l�i�n�k�a�g�e� �c�a�u�s�e�d� �b�y� �s�e�l�e�c�t�i�o�n�.� �I�n� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �G� �x� �E� �i�n�t�e�r�a�c�t�i�o�n�,� �a� �p�a�r�t�i�c�u�l�a�r� �s�e�t� �o�f� �g�e�n�e�s� �a�f�f�e�c�t�i�n�g� �o�n�e� �t�r�a�i�t� �u�n�d�e�r� �o�n�e� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �c�i�r�c�u�m�s�t�a�n�c�e� �m�a�y� �n�o�t� �b�e� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �s�e�t� �c�o�n�t�r�o�l�l�i�n�g� �t�h�a�t� �p�a�r�t�i�c�u�l�a�r� �t�r�a�i�t� 

�i�n� �a� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�.� �T�h�i�s� �i�d�e�a� �w�a�s� �f�i�r�s�t� �s�t�a�t�e�d� �b�y� �F�a�l�c�o�n�e�r� �(�1�9�5�2�)� �w�h�o� �p�o�s�t�u�l�a�t�e�d� 

�t�h�a�t� �a� �t�r�a�i�t� �u�n�d�e�r� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �c�o�u�l�d� �b�e� �v�i�e�w�e�d� �a�s� �t�w�o� �d�i�f�f�e�r�e�n�t� �t�r�a�i�t�s� 

�i�f� �G� �x� �E� �i�s� �p�r�e�s�e�n�t�.� �F�u�r�t�h�e�r�m�o�r�e�,� �g�e�n�e�s� �c�o�d�i�n�g� �f�o�r� �a� �g�i�v�e�n� �c�h�a�r�a�c�t�e�r� �i�n� �o�n�e� �e�n�v�i�r�o�n�m�e�n�t� 

�m�i�g�h�t� �a�l�s�o� �b�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �o�f� �a� �d�i�f�f�e�r�e�n�t� �c�h�a�r�a�c�t�e�r� �i�n� �a� �d�i�f�f�e�r�e�n�t� 

�e�n�v�i�r�o�n�m�e�n�t�.� �W�i�t�h� �t�h�i�s� �s�i�t�u�a�t�i�o�n� �i�n� �m�i�n�d�,� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �a�n� �i�n�d�i�v�i�d�u�a�l�'�s� 

�g�e�n�o�t�y�p�e� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �i�n� �t�w�o� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s� �w�e�r�e� �r�e�p�r�e�s�e�n�t�e�d� �i�n� 

�t�h�e� �f�o�r�m� �o�f� �a� �p�a�t�h� �d�i�a�g�r�a�m� �(�F�i�g�u�r�e� �2�.�1�)�.� �T�h�e� �a�v�e�r�a�g�e� �g�e�n�o�t�y�p�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �f�o�r� 

�d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �t�r�a�i�t�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �G�,� �a�n�d� �G�y�p� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A� �d�e�v�i�a�t�i�o�n� �f�r�o�m� 

�t�h�e� �a�v�e�r�a�g�e� �g�e�n�o�t�y�p�e� �f�o�r� �e�i�t�h�e�r� �t�h�e� �m�a�t�e�r�n�a�l� �o�r� �d�i�r�e�c�t� �c�h�a�r�a�c�t�e�r� �w�a�s� �a�s�s�u�m�e�d� �t�o� �e�x�i�s�t� 
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�u�n�d�e�r� �p�a�r�t�i�c�u�l�a�r� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�,� �s�u�c�h� �t�h�a�t� �G�p� �a�n�d� �G�y�,� �r�e�p�r�e�s�e�n�t� �d�e�v�i�a�t�i�o�n� �f�r�o�m� 

�t�h�e� �m�e�a�n� �g�e�n�o�t�y�p�e� �f�o�r� �b�o�t�h� �t�r�a�i�t�s� �i�n� �t�h�e� �i�t�h� �s�p�e�c�i�f�i�c� �e�n�v�i�r�o�n�m�e�n�t�.� �T�h�e� �d�e�v�i�a�t�i�o�n�s�,� �G�p�,� �a�n�d� 

�G�u�,� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �G�p� �a�n�d� �G�y� �,�r�e�s�p�e�c�t�i�v�e�l�y�.� �F�i�n�a�l�l�y� �U�p�,� �a�n�d� �U�M�,� 

�c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �i�n�d�i�v�i�d�u�a�l�'�s� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �t�r�a�i�t�s� �i�n� �e�a�c�h� �s�p�e�c�i�f�i�c� 

�e�n�v�i�r�o�n�m�e�n�t�,� �s�u�c�h� �t�h�a�t� �:� 

�U�p�,� �=� �G�p� �+�G�p� �a�n�d� 

�u�y�,� �=�G�y�t�+�G�y� 

�T�h�e� �v�a�r�i�a�b�l�e�s� �i�n�c�l�u�d�e�d� �i�n� �a� �p�a�t�h� �d�i�a�g�r�a�m� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �a�r�r�o�w�s� �a�s� �e�i�t�h�e�r� �c�o�m�p�l�e�t�e�l�y� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �o�t�h�e�r� �v�a�r�i�a�b�l�e�s� �(�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s�)� �o�r� �a�s� �c�a�u�s�a�l� �f�a�c�t�o�r�s� �(�i�n�d�e�p�e�n�d�e�n�t� 

�v�a�r�i�a�b�l�e�s�)�(�W�r�i�g�h�t�,� �1�9�6�8�)�.� �E�a�c�h� �p�a�i�r� �o�f� �c�a�u�s�a�l� �f�a�c�t�o�r�s� �c�a�n� �b�e� �c�o�n�n�e�c�t�e�d� �b�y� �a� �d�o�u�b�l�e�-� 

�h�e�a�d�e�d� �a�r�r�o�w� �i�n�d�i�c�a�t�i�n�g� �p�o�s�s�i�b�l�e� �c�o�r�r�e�l�a�t�i�o�n�s�.� �T�h�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �a�n�y� �t�w�o� �v�a�r�i�a�b�l�e�s� 

�c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �c�u�m�u�l�a�t�i�n�g� �t�h�e� �p�r�o�d�u�c�t�s� �a�l�o�n�g� �a�l�l� �p�a�t�h�s� �c�o�n�n�e�c�t�i�n�g� �t�h�e� �v�a�r�i�a�b�l�e�s�.� 

�T�h�u�s�,� �t�h�e� �p�r�i�m�a�r�y� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �w�i�t�h�i�n� �a�n�d� 

�a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �s�o�l�i�d� �a�r�r�o�w�s� �i�n� �F�i�g�u�r�e� �2�.�1�;� �d�a�s�h�e�d� �l�i�n�e�s� �r�e�p�r�e�s�e�n�t� 

�h�y�p�o�t�h�e�t�i�c�a�l� �c�o�r�r�e�l�a�t�i�o�n� �p�a�t�h�s� �t�h�a�t� �m�a�y� �e�x�i�s�t� �w�h�e�n� �m�o�d�e�l�i�n�g� �p�o�s�s�i�b�l�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� 

�b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �c�h�a�r�a�c�t�e�r�s� �a�s� �a�f�f�e�c�t�e�d� �b�y� �G� �x� �E�,� �b�u�t� �w�h�i�c�h� �w�i�l�l� �b�e� �a�s�s�u�m�e�d� �t�o� 

�b�e� �n�u�l�l� �i�n� �t�h�e� �p�r�e�s�e�n�t� �s�i�t�u�a�t�i�o�n�.� 

�T�h�e� �p�a�t�h� �c�o�e�f�f�i�c�i�e�n�t�s� �m�e�a�s�u�r�e�,� �i�n� �t�e�r�m� �o�f� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s�,� �t�h�e� �d�i�r�e�c�t� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� 

�v�a�r�i�o�u�s� �f�a�c�t�o�r�s� �i�n� �c�a�u�s�i�n�g� �c�h�a�n�g�e�s� �i�n� �t�h�e� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�.� �T�h�u�s�,� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� 

�v�a�r�i�a�t�i�o�n� �a�m�o�n�g� �g�e�n�o�t�y�p�i�c� �v�a�l�u�e�s� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �t�r�a�i�t�s� �a�t�t�r�i�b�u�t�a�b�l�e� �t�o� �t�h�e� 

�g�e�n�o�t�y�p�i�c� �d�e�v�i�a�t�i�o�n� �s�p�e�c�i�f�i�c� �t�o� �a�n� �e�n�v�i�r�o�n�m�e�n�t�,� �o�r� �t�o� �t�h�e� �g�e�n�o�t�y�p�e� �b�y� �e�n�v�i�r�o�n�m�e�n�t� 
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�c�o�m�p�o�n�e�n�t� �f�o�r� �e�a�c�h� �s�p�e�c�i�f�i�c� �e�n�v�i�r�o�n�m�e�n�t�,� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �d�j�,� �m�j�,�,� �d�?�,�,� �a�n�d� �m�%�,�.� 

�T�h�u�s�,� 

� � 

�a�;� �O�c�x�e�,� �d�i�,� �=� �=� 
�2� �2� 

�O�x�,� �%�,� �+� �O� �O�M�E� 

�O�G� �o� �G�x�E� 
�m�.�,� �=� �7�i�_� �=� �=� � � �i�i� �~� �6� �2� �2� 

�U�m�,� �%�,� �+� �O�o� �G� �X�E� 

�w�h�e�r�e� �O�g�,�-�,� �a�n�d� �O�g�.� �r�e�p�r�e�s�e�n�t� �t�h�e� �p�r�o�p�o�r�t�i�o�n� �o�f� �v�a�r�i�a�t�i�o�n� �o�b�s�e�r�v�e�d� �i�n� �e�i�t�h�e�r� �d�i�r�e�c�t� �a�n�d� 

�m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�t�t�r�i�b�u�t�a�b�l�e� �t�o� �a� �g�e�n�o�t�y�p�e� �b�y� �e�n�v�i�r�o�n�m�e�n�t� �c�o�m�p�o�n�e�n�t�.� 

�S�i�m�i�l�a�r�l�y�,� �d�j�,� �m�{�,�,� �d�j�)� �a�n�d� �m�,� �r�e�p�r�e�s�e�n�t� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �v�a�r�i�a�t�i�o�n� �a�m�o�n�g� �b�r�e�e�d�i�n�g� 

�v�a�l�u�e�s� �i�n� �e�a�c�h� �s�p�e�c�i�f�i�c� �e�n�v�i�r�o�n�m�e�n�t� �d�u�e� �t�o� �c�o�m�m�o�n� �g�e�n�e�s�,� �w�h�e�r�e�:� 

� � 

� � 

�d�.�=� �O�G�,� �_� �O�g�,� 

�i�0� �~�  ��_� �|� �2� �2� 
�O�u�,� �O�G�,� �+� �O�O�M�,� 

�O�G� �O�g� 
�M�,� �=� �a� �m� 

�N�o�t�i�c�e� �t�h�a�t� �d�,�,� �a�n�d� �m�,�,� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� �o�f� �t�h�e� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� 

�e�x�p�r�e�s�s�i�o�n� �o�f� �t�h�e� �s�a�m�e� �t�r�a�i�t� �i�n� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s�.� �T�h�e� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n�s� �r�e�q�u�i�r�e�d� �t�o� 

�b�u�i�l�d� �t�h�e� �G� �m�a�t�r�i�x� �w�e�r�e� �t�h�e�n� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �t�h�e� �p�a�t�h� �d�i�a�g�r�a�m� �i�n� �F�i�g�u�r�e� �2�.�1�.� �T�h�e� 

�c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �w�a�s�:� 
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�S�G� 
�I�,� �=� �d�i�p�d�y�)� �=� �=� �=� �"�6� �O�G�t�0�0�.� �%�%� �u�g� �M�d�,� 

�T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�o�r�r�e�l�a�t�i�o�n� �a�m�o�n�g� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �a� 

�s�i�m�i�l�a�r� �w�a�y�,� 

�V�a�l�u�e�s� �f�o�r� �7�g�,� �a�n�d� �%� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �1� �o�r� �.�5�,� �r�e�f�l�e�c�t�i�n�g� �t�h�e� �a�b�s�e�n�c�e� �o�r� 
�m�y� 

�p�r�e�s�e�n�c�e� �o�f� �G� �x� �E� �a�f�f�e�c�t�i�n�g� �b�o�t�h� �c�h�a�r�a�c�t�e�r�s�.� �F�o�r� �s�i�m�p�l�i�f�i�c�a�t�i�o�n� �p�u�r�p�o�s�e�s�,� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� 

�b�e�t�w�e�e�n� �b�o�t�h� �m�a�t�e�r�n�a�l� �a�n�d� �d�i�r�e�c�t� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� 

�b�e� �t�h�e� �s�a�m�e� �(�i�.�e�.�,� �b�o�t�h� �1� �o�r� �b�o�t�h� �.�5�)�.� �T�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�i�s� �a�s�s�u�m�p�t�i�o�n� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� 

�e�s�t�a�b�l�i�s�h�,� �s�i�n�c�e� �n�o� �r�e�f�e�r�e�n�c�e� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �t�r�e�a�t�i�n�g� �b�o�t�h� �c�h�a�r�a�c�t�e�r�s� �i�n� �t�h�e� �s�a�m�e� 

�p�o�p�u�l�a�t�i�o�n� �a�r�e� �k�n�o�w�n�.� 

�W�h�i�l�e� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �a�m�o�n�g� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �w�i�t�h�i�n� �e�n�v�i�r�o�n�m�e�n�t�s� �w�a�s� 

�a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �s�a�m�e� �a�n�d� �e�q�u�a�l� �t�o� �-�.�2�6�8� �f�o�r� �b�o�t�h� �e�n�v�i�r�o�n�m�e�n�t�s� �(�T�a�b�l�e� �2�.�1�)�,� �a� �p�o�s�s�i�b�l�e� 

�e�f�f�e�c�t� �o�f� �G�x� �E� �i�n� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �i�n� �o�n�e� �e�n�v�i�r�o�n�m�e�n�t� �a�n�d� 

�t�h�e� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �i�n� �t�h�e� �o�t�h�e�r� �o�n�e� �w�a�s� �r�e�c�o�g�n�i�z�e�d�.� �T�h�e�s�e� �c�o�r�r�e�l�a�t�i�o�n�s� �c�a�n� �b�e� 

�e�x�p�r�e�s�s�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �G� �x� �E� �v�a�r�i�a�n�c�e� �c�o�m�p�o�n�e�n�t� �a�f�f�e�c�t�i�n�g� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� 

�c�o�m�p�o�n�e�n�t�,� �d�i�r�e�c�t�-�d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l�-�m�a�t�e�r�n�a�l� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �(�F�i�g�u�r�e� �2�.�1�)� �s�u�c�h� 

�t�h�a�t�:� 

�T�u�g�,� �U�m�,� �=� �d�i�y� �'�G�,� �m� �M�r� �=� 

� � � � 
�S�g�,� �r�e� �S�o�,� �_� 

 ��d�m� 
�S�G�,� �S�a�,� 
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�J�e�z�,� �+�0�7� �+�0�0� �[�o�z� �+�0�7� �+�0�0� 

�I�r�,� �i�n� �'�G� �=�F�,� 
�G�a�,� �1�d�,� �m�,�n�,� �G�a�,�m�,� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �v�a�l�u�e�s� �o�f� �7�,� �u�s�e�d� �t�o� �c�o�n�s�t�r�u�c�t� �t�h�e� �G� �m�a�t�r�i�x� �w�e�r�e� �e�i�t�h�e�r� �-�.�2�6�8� �f�o�r� �7�_�,� 

�a�n�d�7�,� �e�q�u�a�l� �t�o� �1� �o�r� �-�.�1�3�4� �f�o�r�r�,� �,� �a�n�d� �r�q� �:� �e�q�u�a�l� �t�o� �.�5�.� �N�o�t�e� �t�h�a�t� �t�h�e� �h�y�p�o�t�h�e�t�i�c�a�l� 
�m�y�,� �M�2� �y�h�?� 

�c�o�r�r�e�l�a�t�i�o�n� �p�a�t�h�s� �i�n� �F�i�g�u�r�e� �2�.�1� �c�o�u�l�d� �m�o�d�i�f�y� �t�h�e�s�e� �e�x�p�e�c�t�a�t�i�o�n�s� �i�f� �t�h�e�y� �a�r�e� �n�o�t� �t�r�u�l�y� �n�u�l�l�.� 

�A�c�c�u�r�a�c�i�e�s� �o�f� �p�r�e�d�i�c�t�i�o�n�s� �i�n� �e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t� 

�T�w�o� �s�e�t�s� �o�f� �a�c�c�u�r�a�c�i�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �s�i�m�u�l�a�t�i�o�n� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�i�o�n�s� �i�n� 

�e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t� �w�e�r�e� �a�s�s�u�m�e�d� �.� �T�h�e�s�e� �w�e�r�e�:� 

�1� �-� �A�n� �i�d�e�a�l� �s�i�t�u�a�t�i�o�n� �i�n� �w�h�i�c�h� �a�c�c�u�r�a�c�i�e�s� �o�f� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �c�o�n�s�t�a�n�t� �i�n� 

�e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t� �f�o�r� �b�o�t�h� �t�r�a�i�t�s�.� �A�c�c�u�r�a�c�i�e�s� �o�f� �b�o�t�h� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� 

�a�s�s�u�m�e�d� �t�o� �b�e� �.�9� �a�n�d� �.�6� �i�n� �t�h�e� �f�i�r�s�t� �a�n�d� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�2� �-� �A�c�c�u�r�a�c�i�e�s� �o�f� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �r�e�f�l�e�c�t� �a� �m�o�r�e� �r�e�a�l�i�s�t�i�c� �s�i�t�u�a�t�i�o�n� �a�n�d� �t�o� 

�v�a�r�y� �f�o�r� �b�o�t�h� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V� �p�r�e�d�i�c�t�i�o�n�s�.� �A�c�c�u�r�a�c�i�e�s� �f�o�r� �d�i�r�e�c�t� �b�r�e�e�d�i�n�g� �v�a�l�u�e� 

�p�r�e�d�i�c�t�i�o�n� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �f�o�l�l�o�w� �a� �u�n�i�f�o�r�m� �d�i�s�t�r�i�b�u�t�i�o�n� �w�i�t�h� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �b�o�u�n�d�s� �o�f� 

�4�0� �a�n�d� �.�9�5�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �D�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �a�c�c�u�r�a�c�i�e�s� �a�r�e� �n�o�t� �i�n�d�e�p�e�n�d�e�n�t�.� �a�c�c�,�,� 

�g�e�n�e�r�a�l�l�y� �i�n�c�r�e�a�s�e�s� �a�s� �a�c�c�,� �i�n�c�r�e�a�s�e�,� �b�u�t� �w�i�t�h� �a� �l�a�g� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �a�d�d�i�t�i�o�n�a�l� �g�e�n�e�r�a�t�i�o�n� 

�r�e�q�u�i�r�e�d� �t�o� �p�r�o�d�u�c�e� �m�a�t�e�r�n�a�l� �e�v�a�l�u�a�t�i�o�n�s� �a�n�d� �w�i�t�h� �s�o�m�e� �v�a�r�i�a�t�i�o�n� �i�n� �a�c�c�,�,� �a�t� �f�i�x�e�d� �a�c�c�,� �.� 

�T�h�u�s�,� �o�n�c�e� �a�c�c�u�r�a�c�y� �f�o�r� �d�i�r�e�c�t� �p�r�e�d�i�c�t�e�d� �B�V� �w�a�s� �o�b�t�a�i�n�e�d�,� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �a�c�c�u�r�a�c�y� �o�f� 

�t�h�e� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �B�V� �w�a�s� �o�b�t�a�i�n�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �a�c�c�u�r�a�c�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� 

�p�r�e�d�i�c�t�i�o�n� �o�f� �d�i�r�e�c�t� �B�V� �p�l�u�s� �a� �r�a�n�d�o�m� �c�o�m�p�o�n�e�n�t� �a�s�:� 
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�a�c�c�,� �=� �B�y� �+�B� �a�c�c�,�  ��|�R�r�l�o� �a�c�e�,�,� �/�a�c�e�y� 

�w�h�e�r�e� �R�r� �i�s� �a� �N� �(�0�,�1�)� �r�a�n�d�o�m� �d�e�v�i�a�t�e� �a�n�d� 

�_� �2� 
�G�a�c�e�,� �J�a�c�e�y� �~� �y� �(� �T�T� �A�C�C� �y� �A�C�G� �y� �G�a�c�e�,� 

�T�h�e� �a�b�s�o�l�u�t�e� �v�a�l�u�e� �o�f� �R�n� �w�a�s� �u�s�e�d� �t�o� �e�n�s�u�r�e� �t�h�a�t� �a�c�c�,�,�i�s� �s�m�a�l�l�e�r� �t�h�a�n�a�c�c�,�,� �T�h�i�s� �e�q�u�a�t�i�o�n� 

�o�c�c�a�s�i�o�n�a�l�l�y� �y�i�e�l�d�e�d� �n�e�g�a�t�i�v�e� �v�a�l�u�e�s� �o�f� �a�c�c�,�,� �b�u�t� �o�n�l�y� �t�h�e� �p�o�s�i�t�i�v�e� �n�u�m�b�e�r�s� �w�e�r�e� �k�e�p�t�.� 

�C�o�r�r�e�l�a�t�i�o�n�s� �o�f� �a�c�c�u�r�a�c�i�e�s� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� 

�s�i�m�u�l�a�t�i�o�n�s� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �P�E�C�.� �T�h�e� �a�c�t�u�a�l� �v�a�l�u�e�s� �o�f� �t�h�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �e�q�u�a�t�i�o�n� �w�i�l�l� �b�e� 

�g�i�v�e�n� �i�n� �t�h�e� �s�e�c�t�i�o�n� �o�f� �r�e�s�u�l�t�s�.� 

�S�e�l�e�c�t�i�o�n� �s�c�e�n�a�r�i�o�s� 

�T�o� �i�n�v�e�s�t�i�g�a�t�e� �e�f�f�e�c�t�s� �o�f� �s�e�l�e�c�t�i�o�n� �o�n� �t�h�e� �o�b�s�e�r�v�e�d� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �B�V� �p�r�e�d�i�c�t�i�o�n�s� 

�f�r�o�m� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s�,� �f�o�u�r� �s�e�t�s� �o�f� �p�o�p�u�l�a�t�i�o�n�s�,� �w�i�t�h� �e�a�c�h� �p�o�p�u�l�a�t�i�o�n� �c�o�n�s�i�s�t�i�n�g� �o�f� 

�3�0�0�0� �b�u�l�l�s�,� �w�e�r�e� �s�i�m�u�l�a�t�e�d�.� �E�a�c�h� �s�e�t� �o�f� �b�a�s�e� �p�o�p�u�l�a�t�i�o�n�s� �r�e�p�r�e�s�e�n�t�e�d� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� 

�a�c�c�u�r�a�c�y� �a�s�s�u�m�p�t�i�o�n�s� �(�a�c�c�u�r�a�c�i�e�s� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V� �p�r�e�d�i�c�t�i�o�n�s� �c�o�n�s�t�a�n�t� �o�r� 

�v�a�r�i�a�b�l�e� �w�i�t�h�i�n� �e�n�v�i�r�o�n�m�e�n�t�s�)� �a�n�d� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�r�a�i�t�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� 

�(�W�o�,� �s�é� �a�n�d� �"�C�m� �o�m�,� �e�q�u�a�l� �t�o� �1� �o�r� �.�5�)�.� �E�a�c�h� �s�e�t� �o�f� �b�a�s�e� �p�o�p�u�l�a�t�i�o�n�s�,� �c�o�n�t�a�i�n�e�d� �t�e�n� �r�e�p�l�i�c�a�t�e�d� 

�p�o�p�u�l�a�t�i�o�n�s� �o�f� �3�0�0�0� �s�i�r�e�s�.� �T�h�u�s�,� �a� �t�o�t�a�l� �o�f� �4�0� �s�i�r�e� �b�a�s�e� �p�o�p�u�l�a�t�i�o�n�s� �w�e�r�e� �g�e�n�e�r�a�t�e�d�.� 

�S�e�l�e�c�t�i�o�n� �w�a�s� �p�r�a�c�t�i�c�e�d� �i�n� �e�a�c�h� �s�i�r�e� �p�o�p�u�l�a�t�i�o�n� �b�a�s�e�d� �o�n� �p�r�e�d�i�c�t�e�d� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V� 

�i�n� �e�n�v�i�r�o�n�m�e�n�t� �1�.� �W�i�t�h�i�n� �e�a�c�h� �p�o�p�u�l�a�t�i�o�n�,� �t�h�r�e�e� �s�e�l�e�c�t�i�o�n� �s�t�r�a�t�e�g�i�e�s� �w�e�r�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� 

�s�a�m�e� �b�a�s�e� �p�o�p�u�l�a�t�i�o�n�:� �d�i�r�e�c�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n� �f�o�r� �a�n�i�m�a�l�s� �w�i�t�h� �h�i�g�h� �(�H�)� �d�i�r�e�c�t� �a�n�d� �H� 

�m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �B�V�;� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �o�f� �a�n�i�m�a�l�s� �f�r�o�m� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �t�a�i�l�s� �o�f� 

�6�3



�b�o�t�h� �d�i�s�t�r�i�b�u�t�i�o�n�s�;� �a�n�d� �r�a�n�d�o�m� �s�e�l�e�c�t�i�o�n�.� �I�n�d�e�p�e�n�d�e�n�t� �c�u�l�l�i�n�g� �l�e�v�e�l�s� �w�e�r�e� �u�s�e�d� �i�n� 

�s�e�l�e�c�t�i�o�n�.� �S�p�e�c�i�f�i�c�a�l�l�y�:� 

�D�i�r�e�c�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n�:� �8�0�0� �s�i�r�e�s� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �u�p�p�e�r� �2�7� �%� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�p�r�e�d�i�c�t�e�d� �d�i�r�e�c�t� �B�V� �a�n�d� �8�0�0� �s�i�r�e�s� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �u�p�p�e�r� �2�7�%� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�p�r�e�d�i�c�t�e�d� �m�a�t�e�r�n�a�l� �B�V� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �i�d�e�n�t�i�f�i�e�d� �s�u�c�h� �t�h�a�t� �|� �x� �|� �=� �.�6�1�3� �w�h�e�r�e� �x� �=� �i�s� �t�h�e� 

�t�r�u�n�c�a�t�i�o�n� �p�o�i�n�t� �o�n� �a� �s�t�a�n�d�a�r�d� �n�o�r�m�a�l� �c�u�r�v�e� �(�S�n�e�d�e�c�o�r� �a�n�d� �C�o�c�h�r�a�n�,� �1�9�6�7�)� �a�n�d� �i� �=� �1�.�2�2�5� 

�i�s� �t�h�e� �s�t�a�n�d�a�r�d�i�z�e�d� �s�e�l�e�c�t�i�o�n� �d�i�f�f�e�r�e�n�t�i�a�l� �(�B�e�c�k�e�r�,� �1�9�8�4�)�.� �A�n�i�m�a�l�s� �t�h�a�t� �w�e�r�e� �i�n� �b�o�t�h� 

�s�e�l�e�c�t�e�d� �g�r�o�u�p�s� �w�e�r�e� �t�h�e�n� �k�e�p�t�.� �A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�i�s� �s�e�l�e�c�t�i�o�n� �s�t�r�a�t�e�g�y� �a�n� �a�v�e�r�a�g�e� �o�f� �1�3�4� 

�s�i�r�e�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �o�v�e�r� �t�h�e� �t�e�n� �r�e�p�l�i�c�a�t�e�s�.� �F�r�o�m� �e�a�c�h� �s�e�l�e�c�t�e�d� �p�o�p�u�l�a�t�i�o�n� �o�f� �s�i�r�e�s�,� �a� 

�r�a�n�d�o�m� �s�a�m�p�l�e� �o�f� �4�0� �b�u�l�l�s� �w�a�s� �r�e�t�a�i�n�e�d�.� 

�D�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n�:� �8�0�0� �s�i�r�e�s� �r�e�p�r�e�s�e�n�t�i�n�g� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �1�3�%� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� 

�d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �c�h�o�s�e�n�.� �F�o�u�r� �g�r�o�u�p�s� �o�f� �d�i�v�e�r�g�e�n�t�l�y� 

�s�e�l�e�c�t�e�d� �s�i�r�e�s� �w�e�r�e� �t�h�e�n� �i�d�e�n�t�i�f�i�e�d� �a�s� �t�h�o�s�e� �t�h�a�t� �w�e�r�e� �h�i�g�h�,� �h�i�g�h�;� �h�i�g�h�,� �l�o�w�;� �l�o�w�,� �h�i�g�h�;� �a�n�d� 

�l�o�w�,� �l�o�w� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �B�V�.� �B�o�t�h� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� 

�v�a�l�u�e�s� �w�e�r�e� �t�r�u�n�c�a�t�e�d� �f�o�r� �|�x�|� �=� �1�.�1�2�6� �a�n�d� �1� �=� �1�.�6�2�7�.� �T�h�e�n�,� �s�i�r�e�s� �e�i�t�h�e�r� �i�n� �t�h�e� �u�p�p�e�r� �o�r� 

�l�o�w�e�r� �e�x�t�r�e�m�e�s� �o�f� �t�h�e� �s�e�l�e�c�t�e�d� �p�o�p�u�l�a�t�i�o�n� �o�f� �s�i�r�e�s� �f�o�r� �b�o�t�h� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V� 

�p�r�e�d�i�c�t�i�o�n�s�,� �w�e�r�e� �k�e�p�t�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�e�l�e�c�t�e�d� �p�o�p�u�l�a�t�i�o�n� �c�o�n�s�i�s�t�e�d� �o�f� �a�n� �a�v�e�r�a�g�e� �o�f� �2�3�1� 

�i�n�d�i�v�i�d�u�a�l�s� �o�v�e�r� �t�h�e� �t�e�n� �r�e�p�l�i�c�a�s�,� �a�l�t�h�o�u�g�h� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�e�l�e�c�t�e�d� �s�i�r�e�s� �o�v�e�r� �t�h�e� �f�o�u�r� 

�g�r�o�u�p�s� �w�a�s� �n�o�t� �s�y�m�m�e�t�r�i�c�a�l� �(�H�H� �=� �2�3�;� �H�L� �=� �9�4�;� �L�H� �=� �9�5�;� �L�L� �=� �2�3�)� �b�e�c�a�u�s�e� �o�f� �t�h�e� 

�n�e�g�a�t�i�v�e� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V�.� �A� �s�a�m�p�l�e� �o�f� �t�e�n� �b�u�l�l�s� �w�a�s� 

�r�a�n�d�o�m�l�y� �c�h�o�s�e�n� �f�r�o�m� �e�a�c�h� �s�u�b�g�r�o�u�p� �t�o� �y�i�e�l�d� �a� �f�i�n�a�l� �s�a�m�p�l�e� �o�f� �4�0� �s�i�r�e�s�.� 

�R�a�n�d�o�m� �S�e�l�e�c�t�i�o�n�:� �R�a�n�d�o�m� �s�a�m�p�l�e�s� �o�f� �4�0� �s�i�r�e�s� �(�1�.�3�%�)� �o�f� �t�h�e� �p�o�p�u�l�a�t�i�o�n� �w�e�r�e� �o�b�t�a�i�n�e�d�.� 
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�F�o�r� �t�h�e� �c�a�s�e�s� �i�n� �w�h�i�c�h� �a�c�c�u�r�a�c�y� �o�f� �d�i�r�e�c�t� �a�n�d� �p�r�e�d�i�c�t�e�d� �B�V� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �h�a�v�e� �v�a�r�i�a�b�l�e� 

�a�c�c�u�r�a�c�y�,� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �s�t�a�n�d�a�r�d�i�z�e�d� �b�y� �a�c�c�o� �w�h�e�r�e�,� �a�c�c� �i�s� �d�i�r�e�c�t� �o�r� �m�a�t�e�r�n�a�l� 

�a�c�c�u�r�a�c�i�e�s� �f�o�r� �e�a�c�h� �i�t�h� �s�i�r�e�,� �a�n�d� �6� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t� �o�r� �m�a�t�e�r�n�a�l� �s�t�a�n�d�a�r�d� 

�d�e�v�i�a�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�C�o�r�r�e�l�a�t�i�o�n� �a�n�d� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� 

�f�o�r� �t�h�e� �s�a�m�p�l�e�s� �f�r�o�m� �e�a�c�h� �s�e�l�e�c�t�e�d� �p�o�p�u�l�a�t�i�o�n� �o�f� �s�i�r�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�n�d� �c�o�m�p�a�r�e�d� �t�o� 

�e�x�p�e�c�t�a�t�i�o�n�s�.� �E�x�p�e�c�t�a�t�i�o�n�s� �o�f� �c�o�r�r�e�l�a�t�i�o�n�s� �u�n�d�e�r� �s�i�n�g�l�e� �t�r�a�i�t� �s�e�l�e�c�t�i�o�n� �w�e�r�e� �o�b�t�a�i�n�e�d� 

�f�o�l�l�o�w�i�n�g� �N�o�t�t�e�r� �a�n�d� �D�i�a�z� �(�1�9�9�2�)� �a�s�.� 

�C� �A� �A� �_� �]�  ��-�W�w� 
�O�r�r� �(�U�j�,� �)� �=� �A�C�C�T�G�A�C�C�,� �| � ��5�> ��5 �� 

�l�- ��a�c�c� �r�g�a�c�c�,�w� 

�w�h�e�r�e� �r�q� �i�s� �t�h�e� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �B�V� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s�;� �a�c�c�,� �a�n�d� �a�c�c�,� �a�r�e� 

�a�c�c�u�r�a�c�i�e�s� �o�f� �p�r�e�d�i�c�t�e�d� �B�V� �i�n� �e�n�v�i�r�o�n�m�e�n�t�s� �1� �a�n�d� �2�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �w� �i�s� �a�n� �e�m�p�i�r�i�c�a�l� 

�d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� �s�e�l�e�c�t�i�o�n� �p�r�a�c�t�i�c�e�d�,� �s�u�c�h� �t�h�a�t� 

� � 

�w�h�e�r�e� �V�a�r� �(�i�)�i�s� �t�h�e� �v�a�r�i�a�n�c�e�s� �a�m�o�n�g� �p�r�e�d�i�c�t�e�d� �B�V� �v�a�l�u�e�s� �i�n� �e�n�v�i�r�o�n�m�e�n�t� �1� �i�n� �t�h�e� �s�e�l�e�c�t�e�d� 

�s�a�m�p�l�e�,� �a�n�d� �o�7�i�s� �t�h�e� �v�a�r�i�a�n�c�e� �a�m�o�n�g� �p�r�e�d�i�c�t�e�d� �B�V� �i�n� �t�h�e� �u�n�s�e�l�e�c�t�e�d� �p�o�p�u�l�a�t�i�o�n�.� �N�o�t�i�c�e� 

�t�h�a�t� �a�c�c�,�r�,�a�c�c�,� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �u�n�d�e�r� �r�a�n�d�o�m� �s�e�l�e�c�t�i�o�n�.� 

�L�i�k�e�w�i�s�e�,� �f�o�r� �s�i�t�u�a�t�i�o�n�s� �i�n� �w�h�i�c�h� �v�a�r�i�a�b�l�e� �a�c�c�u�r�a�c�i�e�s� �w�e�r�e� �a�s�s�u�m�e�d�,� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� 

�b�e�c�o�m�e�s� �(�N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)�:� 
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�A� �A� �1�  ��w� 

�C�o�r�r�(�u�t�,�)� �=� �t�g�a�c�q�,� �|�.�  �� 
�1 �� �r�g�a�c�c�e�,�w� 

�w�h�e�r�e� �a�c�c�,�,� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �u�n�d�e�r� �r�a�n�d�o�m� �s�e�l�e�c�t�i�o�n� �a�s� 

�d�e�r�i�v�e�d� �b�y� �C�a�l�o� �e�t� �a�l�.�,� �(�1�9�7�3�)�:� 

�¥� �a�c�e�?� �¥� �a�c�e�?� 
�i�=�l� �i�=�l� 

�C�o�r�r�(�i�,� �,�U�,�)� �=� �1�g� 

� � 

�w�h�e�r�e� �a�c�c�,�,� �a�n�d� �a�c�c�,�,�;� �a�r�e� �t�h�e� �a�c�c�u�r�a�c�i�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �p�r�e�d�i�c�t�e�d� �B�V�s� �o�f� �t�h�e� �i�t�h� �s�i�r�e� �i�n� 

�e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t� �(�1� �a�n�d� �2�)�.� �T�h�i�s� �f�o�r�m�u�l�a� �d�o�e�s� �n�o�t� �c�o�n�s�i�d�e�r� �a�d�j�u�s�t�m�e�n�t�s� �f�o�r� �p�r�e�v�i�o�u�s� 

�e�f�f�e�c�t�s� �o�f� �i�n� �e�n�v�i�r�o�n�m�e�n�t� �1�;� �p�u�b�l�i�s�h�e�d� �a�c�c�u�r�a�c�i�e�s� �a�r�e� �n�o�t� �n�o�r�m�a�l�l�y� �a�d�j�u�s�t�e�d� �f�o�r� �t�o� �a�c�c�o�u�n�t� 

�f�o�r� �t�r�a�i�t�s� �u�n�d�e�r� �s�e�l�e�c�t�i�o�n� �(�D�e�k�k�e�r�s�,� �1�9�9�2�)�.� 

�T�h�e� �e�x�p�e�c�t�a�t�i�o�n� �o�f� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �(�N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)� �w�e�r�e� �a�l�s�o� �o�b�t�a�i�n�e�d� �a�s�:� 

�¥� �a�c�c�t� �¥� �a�c�c� 
�R�e�g� �(�i�i�,� �,�t�i�,�)� �=�7�1�,� �=� �=� 

�S�a�c� 

�P�a�i�r�e�d� �t�-�t�e�s�t� �w�e�r�e� �u�s�e�d� �t�o� �c�o�m�p�a�r�e� �t�h�e� �o�b�s�e�r�v�e�d� �m�e�a�n� �v�a�l�u�e� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �a�n�d� 

�r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �d�e�r�i�v�e�d� �f�r�o�m� �s�i�m�u�l�a�t�e�d� �d�a�t�a� �t�o� �t�h�e� �m�e�a�n� �o�f� �t�h�e�i�r� �e�x�p�e�c�t�e�d� �v�a�l�u�e�s�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 
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�A�c�c�u�r�a�c�i�e�s� �o�f� �p�r�e�d�i�c�t�i�o�n�s� �a�n�d� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� 

�A�c�c�u�r�a�c�i�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V�,� �o�v�e�r� �t�h�e� �r�a�n�g�e� �o�f� 

�d�e�s�i�g�n� �m�a�t�r�i�c�e�s� �c�o�n�s�i�d�e�r�e�d�,� �w�e�r�e� �s�t�r�o�n�g�l�y� �c�o�r�r�e�l�a�t�e�d�:� �.�9�9� �f�o�r� �R�A�N�]� �a�n�d� �.�9�8� �f�o�r� �R�A�N�2�.� 

�T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �a�c�c�u�r�a�c�i�e�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�2� �f�o�r� �b�o�t�h� �c�a�s�e�s� �R�A�N�1� �(�a�)� �a�n�d� �R�A�N�2� �(�b�)�.� �W�h�i�l�e� �a� �w�i�d�e� �r�a�n�g�e� �o�f� 

�a�c�c�u�r�a�c�i�e�s� �w�a�s� �g�e�n�e�r�a�t�e�d� �f�o�r� �b�o�t�h� �t�r�a�i�t�s� �i�n� �b�o�t�h� �c�a�s�e�s�,� �t�h�e� �r�a�n�g�e� �o�f� �m�a�t�e�r�n�a�l� �a�c�c�u�r�a�c�i�e�s� �f�o�r� 

�a� �g�i�v�e�n� �l�e�v�e�l� �o�f� �d�i�r�e�c�t� �a�c�c�u�r�a�c�y� �w�a�s� �m�i�n�i�m�a�l� �f�o�r� �R�A�N�1� �(�F�i�g�u�r�e� �2�.�2�a�)�.� �F�o�r� �R�A�N�2�,� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �a�c�c�u�r�a�c�i�e�s� �w�a�s� �a�l�s�o� �s�t�r�o�n�g�,� �b�u�t� �s�o�m�e� �d�e�g�r�e�e� �o�f� 

�v�a�r�i�a�t�i�o�n� �i�n� �m�a�t�e�r�n�a�l� �a�c�c�u�r�a�c�y� �w�a�s� �o�b�s�e�r�v�e�d� �(�F�i�g�u�r�e� �2�.�2�b�)�.� �T�h�e� �d�e�g�r�e�e� �o�f� �r�e�l�a�t�i�o�n�s�h�i�p� 

�b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �a�c�c�u�r�a�c�i�e�s� �d�i�r�e�c�t�l�y� �r�e�f�l�e�c�t�s� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �m�a�d�e� �r�e�l�a�t�i�v�e� �t�o� 

�d�a�t�a� �s�t�r�u�c�t�u�r�e� �a�n�d� �a�m�o�u�n�t� �o�f� �a�v�a�i�l�a�b�l�e� �i�n�f�o�r�m�a�t�i�o�n� �i�n� �t�h�e� �s�i�m�u�l�a�t�i�o�n�.� �O�b�s�e�r�v�a�t�i�o�n� �o�f� 

�A�P�H�A� �s�i�r�e� �a�c�c�u�r�a�c�i�e�s� �(�1�9�9�2�)� �r�e�v�e�a�l�e�d� �a� �s�i�m�i�l�a�r� �p�a�t�t�e�r�n� �o�f� �r�e�l�a�t�i�o�n�s�h�i�p�,� �w�h�i�c�h� �l�e�d� �u�s� �t�o� 

�c�o�n�c�l�u�d�e� �t�h�a�t� �t�h�i�s� �t�y�p�e� �o�f� �r�e�l�a�t�i�o�n�s�h�i�p� �a�m�o�n�g� �a�c�c�u�r�a�c�i�e�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �f�o�r� �b�o�t�h� �t�r�a�i�t�s� �i�s� 

�f�a�i�r�l�y� �c�o�m�m�o�n� �i�n� �c�u�r�r�e�n�t� �N�S�E�.� �I�n� �t�e�r�m�s� �o�f� �t�h�e� �t�r�u�e� �d�a�t�a� �s�t�r�u�c�t�u�r�e� �i�n� �c�u�r�r�e�n�t� �p�o�p�u�l�a�t�i�o�n�s�,� 

�m�a�t�u�r�e� �s�i�r�e�s� �a�r�e� �o�f�t�e�n� �e�x�p�e�c�t�e�d� �t�o� �h�a�v�e� �e�n�o�u�g�h� �d�a�u�g�h�t�e�r�s� �i�n� �p�r�o�d�u�c�t�i�o�n� �t�o� �p�r�o�d�u�c�e� �h�i�g�h� 

�l�e�v�e�l�s� �o�f� �a�c�c�u�r�a�c�y� �f�o�r� �m�a�t�e�r�n�a�l� �B�V�,� �h�o�w�e�v�e�r� �y�o�u�n�g� �b�u�l�l�s� �w�i�t�h� �r�e�a�s�o�n�a�b�l�y� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� 

�d�a�u�g�h�t�e�r�s� �i�n� �p�r�o�d�u�c�t�i�o�n� �a�r�e� �r�a�r�e� �t�o� �f�i�n�d�.� 

�A� �g�r�a�p�h�i�c� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �a�c�c�u�r�a�c�i�e�s� �t�o� �c�o�r�r�e�l�a�t�i�o�n�s� 

�o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �a�n�d� �P�E�C� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e�s� �2�.�3�,� �2�.�4�,� �2�.�5� �a�n�d� �2�.�6�.� �C�h�a�n�g�e�s� �i�n� 

�P�E�C�s� �s�h�o�w�e�d� �t�h�e� �s�a�m�e� �p�a�t�t�e�r�n� �f�o�r� �b�o�t�h� �R�A�N�]� �a�n�d� �R�A�N�2�.� �A�s� �e�x�p�e�c�t�e�d�,� �a�n� �i�n�c�r�e�a�s�e� 

�i�n�a�c�c�u�r�a�c�y� �o�f� �p�r�e�d�i�c�t�i�o�n� �f�o�r� �e�i�t�h�e�r� �d�i�r�e�c�t� �o�r� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �r�e�s�u�l�t�e�d� �i�n� �a� �d�e�c�r�e�a�s�e� 

�i�n� �t�h�e� �a�b�s�o�l�u�t�e� �v�a�l�u�e� �o�f� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �c�o�v�a�r�i�a�n�c�e�.� �A�t� �t�h�e� �l�i�m�i�t� �(�a�c�c�u�r�a�c�i�e�s� �e�q�u�a�l� �t�o� �1�)� 

�P�E�C� �a�p�p�r�o�a�c�h�e�s� �t�o� �z�e�r�o� �(�F�i�g�u�r�e�,� �2�.�3�a�,� �2�.�4�a�,� �2�.�5�a�,� �2�.�6�a�)�.� �V�a�l�u�e�s� �r�a�n�g�e�d� �f�r�o�m� �t�h�e� �v�a�l�u�e� �o�f� 

�t�h�e� �g�e�n�e�t�i�c� �c�o�v�a�r�i�a�n�c�e� �(�-�2�1�)� �t�o� �z�e�r�o�.� 
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�C�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �P�E� �w�e�r�e� �p�r�e�d�i�c�t�e�d� �f�o�r� �b�o�t�h� �R�A�N�1� �a�n�d� �R�A�N�2�.� 

�T�h�e� �p�r�e�d�i�c�t�i�o�n� �e�q�u�a�t�i�o�n� �f�o�r� �R�A�N�]� �w�a�s�:� 

�p�e� �=�  ��-�2�7�+�.�0�2�a�c�c�,�  ��.�0�7�a�c�c�}� 

�A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�a�,� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �a�c�c�u�r�a�c�i�e�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �f�o�r� �d�i�r�e�c�t� �a�n�d� 

�m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �w�a�s� �s�o� �s�t�r�o�n�g� �(�r� �=� �.�9�9�)� �t�h�a�t� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� 

�c�o�u�l�d� �b�e� �p�r�e�d�i�c�t�e�d� �f�r�o�m� �e�i�t�h�e�r� �t�r�a�i�t� �w�i�t�h�o�u�t� �h�a�v�i�n�g� �t�o� �i�n�c�l�u�d�e� �b�o�t�h� �i�n� �t�h�e� �m�o�d�e�l�.� �I�n� �t�h�e� 

�p�r�o�c�e�s�s� �o�f� �m�o�d�e�l� �s�e�l�e�c�t�i�o�n�,� �t�h�e� �r�a�n�g�e� �o�f� �v�a�l�u�e�s� �f�o�r� �t�h�e� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �d�e�t�e�r�m�i�n�a�t�i�o�n� �r�a�n�g�e�d� 

�f�r�o�m� �.�9�5� �f�o�r� �t�h�e� �s�i�m�p�l�e�s�t� �m�o�d�e�l� �(�i�n�c�l�u�d�i�n�g� �o�n�l�y� �t�h�e� �a�c�c�u�r�a�c�i�e�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �f�o�r� �e�i�t�h�e�r� 

�d�i�r�e�c�t� �o�r� �m�a�t�e�r�n�a�l�)� �t�o� �.�9�7� �f�o�r� �t�h�e� �m�o�s�t� �c�o�m�p�l�e�t�e� �m�o�d�e�l� �(�i�n�c�l�u�d�i�n�g� �b�o�t�h� �a�c�c�u�r�a�c�y� �o�f� 

�p�r�e�d�i�c�t�i�o�n� �a�s� �l�i�n�e�a�r� �a�n�d� �q�u�a�d�r�a�t�i�c� �e�f�f�e�c�t�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �l�i�n�e�a�r� �i�n�t�e�r�a�c�t�i�o�n�)�.� �T�h�e� �r�e�d�u�c�t�i�o�n� 

�i�n� �e�r�r�o�r� �m�e�a�n� �s�q�u�a�r�e�s� �w�a�s� �a�r�o�u�n�d� �6�0� �%�.� �T�h�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �d�e�t�e�r�m�i�n�a�t�i�o�n� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�t�h�e� �e�q�u�a�t�i�o�n� �s�h�o�w�n� �a�b�o�v�e� �w�a�s� �.�9�6�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �w�e�r�e� �d�i�f�f�e�r�e�n�t� �f�o�r� �R�A�N�2�.� �A� �w�i�d�e� 

�r�a�n�g�e� �i�n� �R�?� �(�.�1�8� �t�o� �.�8�0�)� �w�a�s� �o�b�s�e�r�v�e�d� �f�o�r� �d�i�f�f�e�r�e�n�t� �m�o�d�e�l�s�,� �a�n�d� �a� �r�e�d�u�c�t�i�o�n� �o�f� �m�o�r�e� �t�h�a�n� 

�8�0� �%� �i�n� �e�r�r�o�r� �m�e�a�n�s� �s�q�u�a�r�e� �w�a�s� �o�b�s�e�r�v�e�d� �w�h�e�n� �g�o�i�n�g� �f�r�o�m� �t�h�e� �s�i�m�p�l�e�s�t� �m�o�d�e�l� �t�o� �t�h�e� 

�m�o�s�t� �c�o�m�p�l�e�t�e� �m�o�d�e�l�.� �T�h�e� �p�r�e�d�i�c�t�i�o�n� �e�q�u�a�t�i�o�n� �t�h�a�t� �w�a�s� �f�i�n�a�l�l�y� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �r�,�,� �f�o�r� 

�R�A�N�?� �w�a�s�:� 

�p�e� �=� �~�-�1�5 ��.�4�2�a�c�c�y�  ��.�0�8�a�c�c�,�,�+�.�7�8�a�c�c�,�a�c�c�,�,� �+�.�3� �a�c�c�}�  ��.�8�3�a�c�c�?� 

�T�h�i�s� �w�a�s� �a�l�s�o� �t�h�e� �e�q�u�a�t�i�o�n� �t�h�a�t� �w�a�s� �c�h�o�s�e�n� �t�o� �p�r�e�d�i�c�t� �r�,�,� �i�n� �t�h�e� �s�i�m�u�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�e�d� 

�b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �t�o� �b�u�i�l�d� �V� �a�n�d� �C� �m�a�t�r�i�c�e�s�.� 
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�T�h�e� �r�a�n�g�e�s� �i�n� �o�b�s�e�r�v�e�d� �c�o�r�r�e�l�a�t�i�o�n�s� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �w�e�r�e� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l� �f�o�r� �b�o�t�h� 

�R�A�N�I� �a�n�d� �R�A�N�?� �(�F�i�g�u�r�e� �2�.�3�b�,� �2�.�4�b�,� �2�.�5�b�,� �2�.�6�b�)�,� �a�l�t�h�o�u�g�h� �a� �g�e�n�e�r�a�l� �t�r�e�n�d� �w�a�s� �o�b�s�e�r�v�e�d�.� 

�F�o�r� �l�o�w� �l�e�v�e�l�s� �o�f� �a�c�c�u�r�a�c�y� �f�o�r� �b�o�t�h� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �B�V� �p�r�e�d�i�c�t�i�o�n�s�,� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n�s� �o�f� 

�p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �t�e�n�d�e�d� �t�o� �c�l�u�s�t�e�r� �n�e�a�r� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n�.� �W�i�t�h� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �a�c�c�u�r�a�c�y�,� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r�s� �t�e�n�d�e�d� �t�o� �i�n�c�r�e�a�s�e� �i�n� �a�b�s�o�l�u�t�e� 

�v�a�l�u�e�.� �A�t� �t�h�i�s� �p�o�i�n�t� �R�A�N�1� �a�n�d� �R�A�N�2� �b�e�h�a�v�e�d� �d�i�f�f�e�r�e�n�t�l�y�.� �F�o�r� �R�A�N�1� �(�F�i�g�u�r�e� �2�.�3�b� �a�n�d� 

�2�.�4�b�)� �t�h�e� �r�a�n�g�e� �i�n� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �e�r�r�o�r� �c�o�r�r�e�l�a�t�i�o�n� �c�h�a�n�g�e�d� �l�i�t�t�l�e� �w�i�t�h� �a�c�c�u�r�a�c�y� �a�n�d� �n�e�v�e�r� 

�e�x�c�e�e�d�e�d� �-�.�3�2�.� �H�o�w�e�v�e�r�,� �f�o�r� �R�A�N�2� �(�F�i�g�u�r�e� �2�.�5�b� �a�n�d� �2�.�6�b�)� �v�a�l�u�e�s� �o�f� �c�o�r�r�e�l�a�t�i�o�n� �t�e�n�d�e�d� 

�t�o� �d�i�s�p�e�r�s�e� �a�s� �a�c�c�u�r�a�c�y� �i�n�c�r�e�a�s�e�d� �i�n� �a�n� �i�n�t�e�r�v�a�l� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �-�.�2�5� �t�o� �-�.�3�9�.� �N�o� �m�a�t�t�e�r� 

�w�h�a�t� �t�h�e� �t�r�e�n�d�,� �a�s� �a�c�c�u�r�a�c�i�e�s� �a�p�p�r�o�a�c�h�e�d� �t�o� �1�,� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�c�o�m�e� �u�n�p�r�e�d�i�c�t�a�b�l�e� �a�s� 

�v�a�l�u�e�s� �o�f� �P�E�C� �a�n�d� �P�E�V� �i�n� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �e�q�u�a�t�i�o�n� �a�p�p�r�o�a�c�h�e�d� �z�e�r�o�.� 

�E�f�f�e�c�t� �o�f� �s�e�l�e�c�t�i�o�n� �o�n� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� 

�T�u�r�n�i�n�g� �n�o�w� �t�o� �r�e�s�u�l�t�s� �o�f� �t�h�e� �t�w�o�-�e�n�v�i�r�o�n�m�e�n�t� �s�i�m�u�l�a�t�i�o�n�,� �s�e�l�e�c�t�i�o�n� �h�a�d� �a�n� �i�m�p�a�c�t� �o�n� �t�h�e� 

�v�a�r�i�a�n�c�e�s� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �B�V� �i�n� �b�o�t�h� �e�n�v�i�r�o�n�m�e�n�t�s� �(�T�a�b�l�e� �2�.�2� �a�n�d� �T�a�b�l�e� 

�2�.�3�)�.� �A�s� �e�x�p�e�c�t�e�d�,� �d�i�r�e�c�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n� �p�r�o�d�u�c�e�d� �a� �d�e�c�r�e�a�s�e� �i�n� �v�a�r�i�a�n�c�e�s� �o�f� �p�r�e�d�i�c�t�e�d� �B�V�,� 

�w�h�i�l�e� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �h�a�d� �t�h�e� �o�p�p�o�s�i�t�e� �e�f�f�e�c�t�.� �T�h�e� �o�b�s�e�r�v�e�d� �v�a�r�i�a�n�c�e�s� �o�f� �d�i�r�e�c�t� �a�n�d� 

�m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �B�V� �i�n� �p�o�p�u�l�a�t�i�o�n�s� �s�u�b�j�e�c�t� �t�o� �d�i�r�e�c�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n� �w�e�r�e� �r�e�d�u�c�e�d� �b�y� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �8�0�%� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �v�a�l�u�e�s� �o�f� �t�h�e� �v�a�r�i�a�n�c�e�s� �i�n� �t�h�e� �p�o�p�u�l�a�t�i�o�n� �p�r�i�o�r� �t�o� 

�s�e�l�e�c�t�i�o�n�.� �T�h�i�s� �p�r�o�p�o�r�t�i�o�n� �i�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �o�b�s�e�r�v�e�d� �v�a�l�u�e� �o�f� �w� �(�T�a�b�l�e�s� �2�.�2� �a�n�d� �2�.�3�)�.� 

�T�h�u�s�,� �t�h�e� �l�a�r�g�e�r� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �w�,� �t�h�e� �g�r�e�a�t�e�r� �t�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �v�a�r�i�a�n�c�e�s� �o�f� �p�r�e�d�i�c�t�e�d� 

�B�V� �i�s� �e�x�p�e�c�t�e�d�.� �H�o�w�e�v�e�r�,� �f�o�r� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n�,� �v�a�r�i�a�n�c�e�s� �f�o�r� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� 

�p�r�e�d�i�c�t�e�d� �B�V� �a�v�e�r�a�g�e�d� �2�.�7� �t�i�m�e�s� �l�a�r�g�e�r� �i�n� �t�h�e� �s�e�l�e�c�t�e�d� �p�o�p�u�l�a�t�i�o�n� �t�h�a�n� �i�n� �t�h�e� �p�o�p�u�l�a�t�i�o�n� 

�p�r�i�o�r� �t�o� �s�e�l�e�c�t�i�o�n� �(�T�a�b�l�e� �2�.�2� �a�n�d� �T�a�b�l�e� �2�.�3�)�,� �a�g�a�i�n� �d�e�n�o�t�e�d� �b�y� �w�.� �I�n� �t�h�i�s� �s�p�e�c�i�f�i�c� �c�a�s�e�,� �t�h�e� 
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�g�r�e�a�t�e�r� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �w� �i�n� �a�b�s�o�l�u�t�e� �v�a�l�u�e�,� �t�h�e� �g�r�e�a�t�e�r� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �v�a�r�i�a�n�c�e� �i�n� �t�h�e� 

�s�e�l�e�c�t�e�d� �p�o�p�u�l�a�t�i�o�n�.� 

�T�a�b�l�e�s� �2�.�2� �a�n�d� �T�a�b�l�e� �2�.�3� �a�l�s�o� �s�h�o�w� �e�x�p�e�c�t�e�d� �v�a�l�u�e�s� �o�f� �v�a�r�i�a�n�c�e�s� �o�f� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� 

�b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �b�a�s�e�d� �o�n� �u�n�i�v�a�r�i�a�t�e� �s�e�l�e�c�t�i�o�n� �t�h�e�o�r�y�.� �I�n� �c�a�s�e� �o�f� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �b�a�s�e�d� 

�o�n� �t�r�u�n�c�a�t�i�o�n� �o�f� �a� �u�n�i�v�a�r�i�a�t�e� �d�i�s�t�r�i�b�u�t�i�o�n�,� �w� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �-�i�x� �w�h�e�r�e� �i� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� 

�s�t�a�n�d�a�r�d�i�z�e�d� �s�e�l�e�c�t�i�o�n� �d�i�f�f�e�r�e�n�t�i�a�l� �(�B�e�c�k�e�r�,� �1�9�8�4�)� �a�n�d� �x� �i�s� �t�h�e� �t�r�u�n�c�a�t�i�o�n� �p�o�i�n�t� �o�n� �a� 

�s�t�a�n�d�a�r�d� �n�o�r�m�a�l� �d�i�s�t�r�i�b�u�t�i�o�n�.� �F�o�r� �d�i�r�e�c�t�i�o�n�a�l� �u�n�i�v�a�r�i�a�t�e� �t�r�u�n�c�a�t�i�o�n� �s�e�l�e�c�t�i�o�n�,� �w� �i�s� �e�q�u�a�l� �t�o� 

�i�(�i�-�x�)�.� �S�i�n�c�e� �s�e�l�e�c�t�i�o�n� �w�a�s� �i�m�p�o�s�e�d� �u�s�i�n�g� �i�n�d�e�p�e�n�d�e�n�t� �c�u�l�l�i�n�g� �l�e�v�e�l�s�,� �s�t�a�n�d�a�r�d�i�z�e�d� 

�s�e�l�e�c�t�i�o�n� �d�i�f�f�e�r�e�n�t�i�a�l�s� �a�n�d� �t�r�u�n�c�a�t�i�o�n� �p�o�i�n�t�s� �f�o�r� �t�h�e� �u�n�i�v�a�r�i�a�t�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �d�i�r�e�c�t� �a�n�d� 

�m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �f�o�l�l�o�w�i�n�g� �t�h�e� �f�i�r�s�t� �s�t�a�g�e� �o�f� �s�e�l�e�c�t�i�o�n� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� 

�t�h�e� �f�i�n�a�l� �o�b�s�e�r�v�e�d� �v�a�l�u�e� �o�f� �w� �w�h�i�c�h� �e�m�p�i�r�i�c�a�l�l�y� �a�c�c�o�u�n�t� �f�o�r� �b�o�t�h� �s�t�a�g�e�s� �o�f� �s�e�l�e�c�t�i�o�n�.� 

�P�r�e�d�i�c�t�e�d� �v�a�l�u�e�s� �o�f� �w� �w�e�r�e� �-�1�.�8�3�2� �f�o�r� �t�h�e� �c�a�s�e� �o�f� �u�n�i�v�a�r�i�a�t�e� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �a�n�d� �.�7�5�0� 

�f�o�r� �d�i�r�e�c�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n�.� �O�b�s�e�r�v�e�d� �v�a�l�u�e�s� �o�f� �w� �t�e�n�d�e�d� �t�o� �b�e� �l�a�r�g�e�r� �i�n� �t�h�e� �c�a�s�e� �o�f� 

�d�i�r�e�c�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n�,� �a�n�d� �s�o�m�e�w�h�a�t� �s�m�a�l�l�e�r� �i�n� �t�h�e� �c�a�s�e� �o�f� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n�,� �t�h�a�n� �t�h�o�s�e� 

�e�x�p�e�c�t�e�d� �f�r�o�m� �u�n�i�v�a�r�i�a�t�e� �t�r�u�n�c�a�t�i�o�n� �s�e�l�e�c�t�i�o�n�.� 

�T�h�e�s�e� �d�e�v�i�a�t�i�o�n�s� �a�r�e� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �t�h�e� �s�e�c�o�n�d� �s�t�a�g�e� �o�f� �s�e�l�e�c�t�i�o�n�.� �W�h�e�n� �d�i�r�e�c�t� �a�n�d� 

�m�a�t�e�r�n�a�l� �g�e�n�e�t�i�c� �e�f�f�e�c�t�s� �a�r�e� �n�e�g�a�t�i�v�e�l�y� �c�o�r�r�e�l�a�t�e�d�,� �t�h�e� �s�e�c�o�n�d� �s�t�a�g�e� �o�f� �s�e�l�e�c�t�i�o�n� �w�o�u�l�d� 

�r�e�m�o�v�e� �e�x�t�r�e�m�e�s� �d�i�r�e�c�t� �B�V� �i�n�d�i�v�i�d�u�a�l�s� �f�r�o�m� �t�h�e� �t�a�i�l� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �a�t� �a� 

�d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�e� �r�a�t�e�,� �l�e�a�d�i�n�g� �t�o� �a�n� �a�c�c�e�n�t�u�a�t�i�o�n� �o�f� �t�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �v�a�r�i�a�n�c�e� �f�o�r� 

�d�i�r�e�c�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n� �a�n�d� �a� �m�o�d�e�r�a�t�i�o�n� �i�n� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �v�a�r�i�a�n�c�e�s� �f�o�r� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n�.� 

�A� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e�o�r�e�t�i�c�a�l� �e�f�f�e�c�t�s� �o�f� �b�i�v�a�r�i�a�t�e� �s�e�l�e�c�t�i�o�n� �o�n� �r�e�s�u�l�t�i�n�g� �v�a�r�i�a�n�c�e�s� �i�s� �s�t�i�l�l� 

�r�e�q�u�i�r�e�d�.� 
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�W�h�e�n� �c�o�n�s�t�a�n�t� �a�c�c�u�r�a�c�i�e�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �f�o�r� �e�a�c�h� �s�i�r�e� �w�i�t�h�i�n� �e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t�,� 

�c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �o�r� �m�a�t�e�r�n�a�l� �p�r�e�d�i�c�t�e�d� �B�V� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s� �w�e�r�e� �a�f�f�e�c�t�e�d� 

�b�y� �t�h�e� �s�e�l�e�c�t�i�o�n� �p�r�a�c�t�i�c�e�d� �i�n� �t�h�e� �f�i�r�s�t� �e�n�v�i�r�o�n�m�e�n�t� �(�T�a�b�l�e� �2�.�4� �a�n�d� �T�a�b�l�e� �2�.�5�)�.� �D�i�r�e�c�t�i�o�n�a�l� 

�s�e�l�e�c�t�i�o�n� �y�i�e�l�d�e�d� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�,� �w�h�e�r�e�a�s� 

�d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �i�n�c�r�e�a�s�e�d� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n�.� �A�d�j�u�s�t�m�e�n�t� �o�f� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n�s� �o�f� �t�h�e� 

�c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �s�e�l�e�c�t�i�o�n� �f�o�l�l�o�w�i�n�g� �u�n�i�v�a�r�i�a�t�e� �p�r�o�c�e�d�u�r�e�s� �d�e�v�e�l�o�p�e�d� �b�y� �N�o�t�t�e�r� 

�a�n�d� �D�i�a�z� �(�1�9�9�2�)� �g�e�n�e�r�a�l�l�y� �a�c�c�o�u�n�t�e�d� �f�o�r� �t�h�e� �e�f�f�e�c�t� �o�f� �s�e�l�e�c�t�i�o�n�.� �T�a�b�l�e�s� �2�.�4� �a�n�d� �2�.�5� �s�h�o�w� 

�o�b�s�e�r�v�e�d� �a�n�d� �e�x�p�e�c�t�e�d� �c�o�r�r�e�l�a�t�i�o�n�s� �v�a�l�u�e�s� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n�s� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �(�7�g� �=� �.�5�)� �a�n�d� 

�a�b�s�e�n�c�e� �(�7�,� �=� �1�.�0�)� �o�f� �G�x� �E� �i�n�t�e�r�a�c�t�i�o�n�.� �N�o�n�e� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� 

�o�b�s�e�r�v�e�d� �a�n�d� �e�x�p�e�c�t�e�d� �w�e�r�e� �s�t�a�t�i�s�t�i�c�a�l�l�y� �s�i�g�n�i�f�i�c�a�n�t�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �t�h�e� �v�a�l�u�e�s� �o�f� �t�h�e� 

�o�b�s�e�r�v�e�d� �c�o�r�r�e�l�a�t�i�o�n�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �e�x�p�e�c�t�a�t�i�o�n� �u�n�d�e�r� �r�a�n�d�o�m� �s�e�l�e�c�t�i�o�n�,� 

�d�i�f�f�e�r�e�n�c�e�s� �(�P� �<� �.�0�5�)� �w�e�r�e� �f�o�u�n�d� �i�n� �t�h�e� �s�e�l�e�c�t�e�d� �p�o�p�u�l�a�t�i�o�n�.� 

�A�d�j�u�s�t�m�e�n�t� �o�f� �t�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n�s� �u�s�i�n�g� �v�a�l�u�e�s� �o�f� �w� �o�f� �-�i�x� �a�n�d� �i�(�i�-�x�)� 

�f�r�o�m� �u�n�i�v�a�r�i�a�t�e� �s�a�m�p�l�i�n�g� �t�h�e�o�r�y� �i�n�s�t�e�a�d� �o�f� �o�b�s�e�r�v�e�d� �v�a�l�u�e�s� �o�f� �w� �a�s� �u�s�e�d� �b�y� �N�o�t�t�e�r� �a�n�d� 

�D�i�a�z� �(�1�9�9�2�)� �y�i�e�l�d�e�d� �s�i�m�i�l�a�r� �c�o�n�c�l�u�s�i�o�n�s�.� �T�h�u�s�,� �d�i�r�e�c�t�i�o�n�a�l� �a�n�d� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �o�n� �t�w�o� 

�t�r�a�i�t�s� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �d�i�d� �n�o�t� �s�e�e�m� �t�o� �i�n�t�r�o�d�u�c�e� �a� �m�a�j�o�r� �d�e�p�a�r�t�u�r�e� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� 

�c�o�r�r�e�l�a�t�i�o�n� �f�r�o�m� �i�t�s� �e�x�p�e�c�t�a�t�i�o�n� �u�n�d�e�r� �u�n�i�v�a�r�i�a�t�e� �s�e�l�e�c�t�i�o�n� �a�t� �t�h�e� �l�e�v�e�l�s� �o�f� �i�n�t�e�n�s�i�t�y� �f�o�r� 

�i�n�d�e�p�e�n�d�e�n�t� �c�u�l�l�i�n�g� �l�e�v�e�l�s� �a�n�d� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �t�r�a�i�t�s�.� 

�T�a�b�l�e�s� �2�.�6� �a�n�d� �2�.�7� �s�h�o�w� �o�b�s�e�r�v�e�d� �a�n�d� �e�x�p�e�c�t�e�d� �c�o�r�r�e�l�a�t�i�o�n�s� �o�f� �p�r�e�d�i�c�t�e�d� �B�V� �f�o�r� �t�h�e� �c�a�s�e� 

�o�f� �v�a�r�i�a�b�l�e� �a�c�c�u�r�a�c�i�e�s� �o�f� �B�V� �p�r�e�d�i�c�t�i�o�n�s�.� �A�s� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �c�a�s�e�,� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�e�l�e�c�t�i�o�n� 

�o�n� �o�b�s�e�r�v�e�d� �a�n�d� �e�x�p�e�c�t�e�d� �c�o�r�r�e�l�a�t�i�o�n� �a�r�e� �a�p�p�a�r�e�n�t�.� �A�s� �e�x�p�e�c�t�e�d�,� �d�i�r�e�c�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n� 

�y�i�e�l�d�e�d� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �w�h�e�r�e�a�s� �d�i�v�e�r�g�e�n�t� 

�s�e�l�e�c�t�i�o�n� �h�a�d� �t�h�e� �o�p�p�o�s�i�t�e� �e�f�f�e�c�t� �r�e�l�a�t�i�v�e� �t�o� �v�a�l�u�e�s� �f�o�r� �a� �r�a�n�d�o�m� �s�a�m�p�l�e� �f�r�o�m� �t�h�e� 
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�p�o�p�u�l�a�t�i�o�n�.� �U�n�d�e�r� �s�e�l�e�c�t�i�o�n�,� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�e�p�a�r�t�u�r�e�s� �w�e�r�e� �f�o�u�n�d� �f�o�r� �e�i�t�h�e�r� �t�r�a�i�t� �(�T�a�b�l�e� 

�2�.�6� �a�n�d� �2�.�7�)� �w�h�e�n� �c�o�m�p�a�r�i�n�g� �o�b�s�e�r�v�e�d� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �p�r�e�d�i�c�t�e�d� �B�V� �w�i�t�h� �t�h�e�i�r� 

�e�x�p�e�c�t�a�t�i�o�n�s� �a�d�j�u�s�t�e�d� �f�o�r� �s�e�l�e�c�t�i�o�n� �(�N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)�.� �H�o�w�e�v�e�r�,� �f�o�r� �r�g� �=� �1� 

�s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �e�x�i�s�t�e�d� �w�h�e�n� �o�b�s�e�r�v�e�d� �v�a�l�u�e�s� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �e�x�p�e�c�t�a�t�i�o�n�s� �u�n�d�e�r� 

�r�a�n�d�o�m� �s�e�l�e�c�t�i�o�n� �(�C�a�l�o� �e�t� �a�l�.�,� �1�9�7�3�)�.� �S�t�i�l�l�,� �w�h�e�n� �7�,�=� �.�5�,� �n�e�i�t�h�e�r� �e�x�p�e�c�t�a�t�i�o�n�s� �o�f� �C�a�l�o� �e�t� �a�l�.� 

�(�1�9�7�3�)� �n�o�r� �e�x�p�e�c�t�a�t�i�o�n�s� �o�f� �N�o�t�t�e�r� �a�n�d� �D�i�a�z� �(�1�9�9�2�)� �d�i�f�f�e�r�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �f�r�o�m� �t�h�e� �o�b�s�e�r�v�e�d� 

�c�o�r�r�e�l�a�t�i�o�n� �f�o�r� �t�h�e� �m�a�t�e�r�n�a�l� �B�V� �p�r�e�d�i�c�t�i�o�n�s�.� �T�h�e� �v�a�l�i�d�i�t�y� �o�f� �t�h�i�s� �r�e�s�u�l�t� �i�s� �q�u�e�s�t�i�o�n�a�b�l�e� 

�s�i�n�c�e� �t�h�e� �o�b�s�e�r�v�e�d� �v�a�l�u�e�s� �o�f� �w� �i�n�d�i�c�a�t�e� �t�h�a�t� �s�e�l�e�c�t�i�o�n� �w�a�s� �e�f�f�e�c�t�i�v�e� �i�n� �e�n�v�i�r�o�n�m�e�n�t� �1�.� 

�H�o�w�e�v�e�r�,� �i�n� �t�h�i�s� �p�a�r�t�i�c�u�l�a�r� �c�a�s�e� �w�h�e�r�e� �t�h�e� �v�a�l�u�e�s� �o�f� �e�x�p�e�c�t�a�t�i�o�n�s� �w�e�r�e� �l�o�w�e�r�e�d�,� �l�a�r�g�e�r� 

�s�a�m�p�l�e� �s�i�z�e�s� �m�a�y� �h�a�v�e� �b�e�e�n� �r�e�q�u�i�r�e�d� �t�o� �d�e�t�e�c�t� �s�i�g�n�i�f�i�c�a�n�t� �d�e�p�a�r�t�u�r�e�s� �f�r�o�m� �e�x�p�e�c�t�a�t�i�o�n�s� 

�(�N�o�t�t�e�r� �a�n�d� �D�i�a�z�,� �1�9�9�2�)�.� 

�R�a�n�d�o�m� �s�e�l�e�c�t�i�o�n� �y�i�e�l�d�e�d� �s�i�g�n�i�f�i�c�a�n�t� �d�e�p�a�r�t�u�r�e�s� �f�r�o�m� �e�x�p�e�c�t�a�t�i�o�n� �w�h�e�n� �e�x�a�m�i�n�i�n�g� 

�c�o�r�r�e�l�a�t�i�o�n� �o�f� �p�r�e�d�i�c�t�e�d� �m�a�t�e�r�n�a�l� �B�V� �f�o�r� �v�a�r�i�a�b�l�e� �a�c�c�u�r�a�c�i�e�s�.� �H�o�w�e�v�e�r�,� �c�o�n�f�i�d�e�n�c�e� 

�i�n�t�e�r�v�a�l�s� �o�f� �t�h�e� �m�e�a�n� �o�f� �t�h�e� �d�e�p�a�r�t�u�r�e�s� �o�v�e�r�l�a�p�p�e�d� �0�,� �w�h�i�c�h� �m�a�y� �i�n�d�i�c�a�t�e� �t�h�a�t� �i�n� �c�a�s�e�s� �o�f� 

�v�a�r�i�a�b�l�e� �a�c�c�u�r�a�c�i�e�s� �s�a�m�p�l�i�n�g� �e�f�f�e�c�t�s� �w�e�r�e� �n�o�t� �a�v�o�i�d�e�d� �w�i�t�h� �t�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �s�a�m�p�l�e�s� 

�o�b�t�a�i�n�e�d�.� 

�R�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �p�r�e�d�i�c�t�e�d� �B�V� �i�n� �t�h�e� �s�e�c�o�n�d� �e�n�v�i�r�o�n�m�e�n�t� �o�n� �p�r�e�d�i�c�t�e�d� �B�V� �i�n� �t�h�e� 

�f�i�r�s�t� �e�n�v�i�r�o�n�m�e�n�t� �f�o�r� �b�o�t�h� �d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �t�r�a�i�t� �d�i�d� �n�o�t� �a�p�p�e�a�r� �t�o� �b�e� �s�y�s�t�e�m�a�t�i�c�a�l�l�y� 

�b�i�a�s�e�d� �b�y� �s�e�l�e�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� �i�n� �t�h�r�e�e� �s�i�t�u�a�t�i�o�n�s� �(�i�n�v�o�l�v�i�n�g� �v�a�r�i�a�b�l�e� �a�c�c�u�r�a�c�i�e�s� �u�n�d�e�r� 

�d�i�r�e�c�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n� �a�n�d� �r�a�n�d�o�m� �s�e�l�e�c�t�i�o�n�)� �(�T�a�b�l�e� �2�.�6� �a�n�d� �2�.�7�)�,� �d�e�p�a�r�t�u�r�e�s� �f�r�o�m� 

�e�x�p�e�c�t�a�t�i�o�n�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�.� �T�h�i�s� �r�e�s�u�l�t� �s�u�g�g�e�s�t�s� �t�h�a�t� �s�a�m�p�l�e� �s�i�z�e�s� �w�e�r�e� �n�o�t� �a�d�e�q�u�a�t�e� �t�o� 

�a�v�o�i�d� �i�m�p�o�r�t�a�n�t� �s�a�m�p�l�i�n�g� �e�f�f�e�c�t�s�.� 
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�C�o�n�c�l�u�s�i�o�n�s� 

�I�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�m�a�l�l� �s�a�m�p�l�e� �s�i�z�e�s� �(�n�=�4�0�)�,� �h�i�g�h� �a�c�c�u�r�a�c�i�e�s� �a�n�d� �p�o�s�s�i�b�l�y� �d�i�v�e�r�g�e�n�t� 

�s�e�l�e�c�t�i�o�n� �a�r�e� �n�e�e�d�e�d� �t�o� �d�e�t�e�c�t� �d�e�p�a�r�t�u�r�e�s� �o�f� �o�b�s�e�r�v�e�d� �v�a�l�u�e�s� �f�r�o�m� �e�x�p�e�c�t�a�t�i�o�n�s� �(�T�a�b�l�e� �2�.�2� 

�a�n�d� �T�a�b�l�e� �2�.�3�)�.� �T�h�e� �u�s�e�d� �o�f� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �c�o�n�s�i�s�t�e�n�t�l�y� �l�e�d� �t�o� �a� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� 

�o�b�s�e�r�v�e�d� �a�n�d� �e�x�p�e�c�t�e�d� �c�o�r�r�e�l�a�t�i�o�n�s�.� �S�e�l�e�c�t�i�o�n� �b�a�s�e�d� �o�n� �p�r�e�d�i�c�t�e�d� �b�r�e�e�d�i�n�g� �v�a�l�u�e�s� �a�f�f�e�c�t�s� 

�t�h�e� �e�x�p�e�c�t�a�t�i�o�n�s� �o�f� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �B�V� �p�r�e�d�i�c�t�i�o�n�s� �a�c�r�o�s�s� �e�n�v�i�r�o�n�m�e�n�t�s�.� 

�H�o�w�e�v�e�r�,� �a�d�j�u�s�t�m�e�n�t�s� �d�e�v�e�l�o�p�e�d� �f�o�r� �a� �u�n�i�v�a�r�i�a�t�e� �c�a�s�e� �s�e�e�m�e�d� �t�o� �y�i�e�l�d� �c�o�r�r�e�c�t�i�o�n�s� �t�h�a�t� 

�w�e�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �c�o�r�r�e�c�t�,� �a�t� �l�e�a�s�t� �f�o�r� �t�h�e� �m�o�d�e�s�t�l�y� �n�e�g�a�t�i�v�e� �g�e�n�e�t�i�c� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� 

�d�i�r�e�c�t� �a�n�d� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �u�s�e�d� �i�n� �t�h�e�s�e� �s�i�m�u�l�a�t�i�o�n�s�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �t�h�e� 

�u�n�i�v�a�r�i�a�t�e� �a�d�j�u�s�t�m�e�n�t�s� �f�o�r� �a� �b�i�v�a�r�i�a�t�e� �c�a�s�e� �m�i�g�h�t� �b�e� �r�e�s�t�r�i�c�t�e�d� �t�o� �c�a�s�e�s� �w�h�e�r�e� �g�e�n�e�t�i�c� 

�c�o�r�r�e�l�a�t�i�o�n� �a�r�e� �l�o�w� �o�r� �m�o�d�e�r�a�t�e� �a�n�d� �t�h�e� �s�e�l�e�c�t�i�o�n� �s�t�r�a�t�e�g�i�e�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �o�n�e�s� 

�f�o�l�l�o�w�e�d� �h�e�r�e�.� �A� �m�o�r�e� �e�x�t�e�n�s�i�v�e� �t�h�e�o�r�e�t�i�c�a�l� �s�t�u�d�y� �i�s� �n�e�e�d�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �g�e�n�e�r�a�l�i�t�y� �o�f� 

�t�h�e� �c�o�n�c�l�u�s�i�o�n�s� �d�r�a�w�n� �h�e�r�e� �a�s� �w�e�l�l� �a�s� �s�i�m�u�l�a�t�i�o�n�s� �i�n�c�l�u�d�i�n�g� �d�i�f�f�e�r�e�n�t� �v�a�l�u�e�s� �o�f� �g�e�n�e�t�i�c� 

�c�o�r�r�e�l�a�t�i�o�n�s� �a�n�d� �d�i�f�f�e�r�e�n�t� �s�e�l�e�c�t�i�o�n� �p�r�o�c�e�d�u�r�e�s�.� 
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�N�E�T� �M�A�T�E�R�N�A�L� �A�B�I�L�I�T�Y� �O�F� �C�R�O�S�S�B�R�E�D� �F�E�M�A�L�E� �P�R�O�G�E�N�Y� �O�F� 

�P�O�L�L�E�D� �H�E�R�E�F�O�R�D� �S�I�R�E�S� �D�I�V�E�R�G�E�N�T�L�Y� �S�E�L�E�C�T�E�D� �F�O�R� �G�R�O�W�T�H� 

�A�N�D� �M�A�T�E�R�N�A�L� �A�B�I�L�I�T�Y� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�W�e�a�n�i�n�g� �w�e�i�g�h�t� �i�s� �a� �t�r�a�i�t� �o�f� �e�c�o�n�o�m�i�c� �i�m�p�o�r�t�a�n�c�e� �f�o�r� �m�o�s�t� �c�o�m�m�e�r�c�i�a�l� �b�e�e�f� �p�r�o�d�u�c�e�r�s� 

�a�n�d� �i�s� �t�h�e� �j�o�i�n�t� �e�x�p�r�e�s�s�i�o�n� �o�f� �t�h�e� �g�e�n�o�t�y�p�e� �o�f� �t�h�e� �c�a�l�f� �f�o�r� �g�r�o�w�t�h� �a�n�d� �t�h�e� �g�e�n�o�t�y�p�e� �o�f� �t�h�e� 

�d�a�m� �f�o�r� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y�.� �G�e�n�e�s� �f�o�r� �b�o�t�h� �g�r�o�w�t�h� �a�n�d� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �a�r�e� �p�a�s�s�e�d� �t�o� �t�h�e� �c�a�l�f� 

�f�r�o�m� �b�o�t�h� �s�i�r�e� �a�n�d� �d�a�m� �b�u�t� �g�e�n�e�s� �f�o�r� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �c�a�n� �o�n�l�y� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �f�e�m�a�l�e�s� �a�n�d� 

�w�i�l�l� �n�o�t� �b�e� �e�x�p�r�e�s�s�e�d� �u�n�t�i�l� �t�h�e� �f�e�m�a�l�e�s� �p�r�o�d�u�c�e� �p�r�o�g�e�n�y� �o�f� �t�h�e�i�r� �o�w�n�.� �T�h�u�s�,� �t�o� �e�v�a�l�u�a�t�e� 

�t�h�e� �m�a�t�e�r�n�a�l� �b�r�e�e�d�i�n�g� �v�a�l�u�e� �(�B�V�)� �o�f� �a� �s�i�r�e�,� �p�r�o�g�e�n�y� �o�f� �b�o�t�h� �t�h�e� �s�i�r�e� �a�n�d� �t�h�e� �s�i�r�e�s �� 

�d�a�u�g�h�t�e�r�s� �a�r�e� �r�e�q�u�i�r�e�d�.� �M�o�s�t� �b�e�e�f� �c�a�t�t�l�e� �g�e�n�e�t�i�c� �e�v�a�l�u�a�t�i�o�n� �r�e�p�o�r�t�s� �p�r�o�v�i�d�e� �t�w�o� �t�r�a�i�t�s� 

�r�e�l�a�t�e�d� �t�o� �m�a�t�e�r�n�a�l� �p�e�r�f�o�r�m�a�n�c�e� �a�t� �w�e�a�n�i�n�g�.� �T�h�e� �f�i�r�s�t� �i�s� �m�a�t�e�r�n�a�l� �m�i�l�k� �(�M�I�L�K�)� �w�h�i�c�h� 

�r�e�f�e�r�s� �t�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �w�e�a�n�i�n�g� �w�e�i�g�h�t�s� �o�f� �s�i�r�e�s�'� �d�a�u�g�h�t�e�r�s �� �c�a�l�v�e�s� �t�h�a�t� �a�r�e� �o�f� �m�a�t�e�r�n�a�l� 

�o�r�i�g�i�n� �a�n�d� �w�h�i�c�h� �a�r�e� �u�s�u�a�l�l�y� �a�s�s�u�m�e�d� �t�o� �p�r�i�m�a�r�i�l�y� �r�e�f�l�e�c�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�i�l�k� �p�r�o�d�u�c�t�i�o�n� 

�(�D�i�a�z� �e�t� �a�l�.�,� �1�9�9�2�)�.� �T�h�e� �s�e�c�o�n�d� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �m�a�t�e�r�n�a�l� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �(�M�A�T�)� �o�r� �t�o�t�a�l� 

�m�a�t�e�r�n�a�l� �e�f�f�e�c�t�.� �T�h�i�s� �m�e�a�s�u�r�e� �i�n�c�l�u�d�e�s� �g�e�n�e�t�i�c� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �p�l�u�s� �g�e�n�e�t�i�c� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l� �t�r�a�n�s�m�i�t�t�e�d� �f�r�o�m� �s�i�r�e� �t�o� �g�r�a�n�d�p�r�o�g�e�n�y� �v�i�a� �t�h�e�i�r� �d�a�m�s�.� �A� 

�n�u�m�b�e�r� �o�f� �b�e�e�f� �c�a�t�t�l�e� �b�r�e�e�d� �a�s�s�o�c�i�a�t�i�o�n�s� �r�e�p�o�r�t� �s�i�r�e� �e�x�p�e�c�t�e�d� �p�r�o�g�e�n�y� �d�i�f�f�e�r�e�n�c�e�s� �(�E�P�D�s�)� 

�f�o�r� �b�o�t�h� �m�e�a�s�u�r�e�s� �o�f� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �(�A�P�H�A�,� �1�9�9�2�;� �A�S�A�,� �1�9�9�1� �;� �A�A�A�,� �1�9�9�1�)�.� 

�P�u�r�e�b�r�e�d� �c�a�t�t�l�e� �a�r�e� �t�h�e� �s�o�u�r�c�e� �o�f� �m�u�c�h� �o�f� �t�h�e� �g�e�n�e�t�i�c� �m�a�t�e�r�i�a�l� �f�o�r� �t�h�e� �b�e�e�f� �c�a�t�t�l�e� �i�n�d�u�s�t�r�y�.� 

�H�o�w�e�v�e�r�,� �i�t� �i�s� �g�e�n�e�r�a�l�l�y� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �a�n�d� �m�a�n�a�g�e�m�e�n�t� 
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�c�o�n�d�i�t�i�o�n�s� �o�f�t�e�n� �e�x�i�s�t� �b�e�t�w�e�e�n� �p�u�r�e�b�r�e�d� �a�n�d� �c�o�m�m�e�r�c�i�a�l� �h�e�r�d�s�.� �M�a�h�r�t� �e�t� �a�l�.� �(�1�9�9�0�)� 

�e�x�a�m�i�n�e�d� �t�h�e� �u�t�i�l�i�t�y� �o�f� �n�a�t�i�o�n�a�l� �s�i�r�e� �e�v�a�l�u�a�t�i�o�n�s� �B�V� �p�r�e�d�i�c�t�i�o�n�s� �d�e�r�i�v�e�d� �p�r�i�m�a�r�i�l�y� �f�r�o�m� 

�p�u�r�e�b�r�e�d� �h�e�r�d�s� �a�s� �a� �t�o�o�l� �t�o� �p�r�e�d�i�c�t� �a�n�i�m�a�l� �p�e�r�f�o�r�m�a�n�c�e�s� �i�n� �c�o�m�m�e�r�c�i�a�l� �c�r�o�s�s�b�r�e�e�d�i�n�g�.� �T�h�e� 

�p�r�o�g�e�n�y� �o�f� �4�7� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �s�i�r�e�s� �m�a�t�e�d� �t�o� �g�r�a�d�e� �A�n�g�u�s� �c�o�w�s� �w�e�r�e� �u�s�e�d�.� �M�a�h�r�t� �e�t� �a�l�.� 

�(�1�9�9�0�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �s�i�r�e�s�'� �e�x�p�e�c�t�e�d� �p�r�o�g�e�n�y� �d�i�f�f�e�r�e�n�c�e�s� �(�E�P�D�)� �f�o�r� �b�i�r�t�h� �w�e�i�g�h�t� �(�B�W�)�,� 

�w�e�a�n�i�n�g� �w�e�i�g�h�t� �(�W�W�)� �a�n�d� �y�e�a�r�l�i�n�g� �w�e�i�g�h�t� �(�Y�W�)� �w�e�r�e� �p�o�s�i�t�i�v�e�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� 

�p�e�r�f�o�r�m�a�n�c�e�s� �o�f� �t�h�e�i�r� �c�r�o�s�s�b�r�e�d� �c�a�l�v�e�s�.� 

�C�r�o�s�s�b�r�e�d� �f�e�m�a�l�e�s� �a�r�e� �e�x�t�e�n�s�i�v�e�l�y� �u�s�e�d� �f�o�r� �c�o�m�m�e�r�c�i�a�l� �p�u�r�p�o�s�e�s�.� �C�o�m�m�e�r�c�i�a�l� �b�r�e�e�d�e�r�s� 

�o�f�t�e�n� �r�e�l�y� �o�n� �s�i�r�e� �e�v�a�l�u�a�t�i�o�n�s� �f�o�r� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �b�a�s�e�d� �o�n� �p�u�r�e�b�r�e�d� �d�a�t�a� �t�o� �m�a�k�e� �s�e�l�e�c�t�i�o�n� 

�d�e�c�i�s�i�o�n�s�.� �T�h�e� �a�s�s�u�m�p�t�i�o�n� �i�s� �t�h�a�t� �t�h�e� �E�P�D� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �d�a�u�g�h�t�e�r�s� �i�n� 

�t�h�e�i�r� �o�r�i�g�i�n�a�l� �e�n�v�i�r�o�n�m�e�n�t� �w�i�l�l� �b�e� �a�l�s�o� �e�x�p�r�e�s�s�e�d� �i�n� �c�o�m�m�e�r�c�i�a�l� �h�e�r�d�s�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� 

�t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �u�s�e� �o�f� �s�i�r�e� �E�P�D�s� �f�o�r� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �a�s� �a� �p�r�e�d�i�c�t�o�r� �o�f� 

�m�a�t�e�r�n�a�l� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �c�o�m�m�e�r�c�i�a�l� �c�r�o�s�s�b�r�e�e�d�i�n�g� �a�n�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �s�e�l�e�c�t�i�o�n� �p�r�a�c�t�i�c�e�d� 

�o�n� �t�h�e� �s�i�r�e�s� �i�n� �t�h�e� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s�.� 

�M�a�t�e�r�i�a�l� �a�n�d� �M�e�t�h�o�d�s� 

�A�n�i�m�a�l� �D�e�s�c�r�i�p�t�i�o�n�.� 

�T�h�i�s� �s�t�u�d�y� �w�a�s� �c�o�n�d�u�c�t�e�d� �a�t� �t�h�e� �S�h�e�n�a�n�d�o�a�h� �V�a�l�l�e�y� �A�g�r�i�c�u�l�t�u�r�a�l� �E�x�p�e�r�i�m�e�n�t� �S�t�a�t�i�o�n�,� 

�S�t�e�e�l�e�s� �T�a�v�e�r�n�,� �V�A�,� �b�e�t�w�e�e�n� �1�9�8�2� �a�n�d� �1�9�9�0�.� �A� �t�o�t�a�l� �o�f� �1�,�0�3�1� �c�a�l�v�e�s� �w�e�r�e� �b�o�r�n� �d�u�r�i�n�g� 

�t�h�i�s� �p�e�r�i�o�d�.� �T�h�e� �f�i�r�s�t� �g�r�o�u�p� �o�f� �c�a�l�v�e�s� �(�n�=�4�5�7�)� �w�e�r�e� �b�o�r�n� �b�e�t�w�e�e�n� �1�9�8�3� �a�n�d� �1�9�8�7� �a�n�d� 

�w�e�r�e� �p�r�o�d�u�c�e�d� �b�y� �m�a�t�i�n�g� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �s�i�r�e�s� �t�o� �g�r�a�d�e� �A�n�g�u�s� �d�a�m�s�.� �P�e�r�f�o�r�m�a�n�c�e� �o�f� 

�t�h�e�s�e� �c�a�l�v�e�s� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �b�y� �M�a�h�r�t� �e�t� �a�l�.� �(�1�9�9�0�)�.� �M�a�l�e�s� �c�a�l�v�e�s� �w�e�r�e� �s�o�l�d� �a�s� 

�y�e�a�r�l�i�n�g�s�.� �F�e�m�a�l�e�s� �w�e�r�e� �r�e�t�a�i�n�e�d� �f�o�r� �b�r�e�e�d�i�n�g� �a�n�d� �p�r�o�d�u�c�e�d� �5�7�4� �c�a�l�v�e�s� �b�e�t�w�e�e�n� �1�9�8�5� �a�n�d� 
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�1�9�9�0� �i�n� �m�a�t�i�n�g�s� �t�o� �A�n�g�u�s�,� �S�a�l�e�r�s� �a�n�d� �S�i�m�m�e�n�t�a�l� �s�i�r�e�s�.� �T�h�i�s� �s�e�c�t�i�o�n� �o�f� �t�h�e� �s�t�u�d�y� �f�o�c�u�s�e�d� 

�p�r�i�m�a�r�i�l�y� �o�n� �t�h�e� �p�r�o�g�e�n�y� �o�f� �t�h�e� �c�r�o�s�s�b�r�e�d� �f�e�m�a�l�e�s�.� 

�P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �M�a�t�e�r�n�a�l� �G�r�a�n�d�s�i�r�e�s�.� �T�h�e� �4�7� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �b�u�l�l�s� �w�e�r�e� �c�h�o�s�e�n� �f�r�o�m� 

�t�h�e� �A�m�e�r�i�c�a�n� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �A�s�s�o�c�i�a�t�i�o�n� �(�A�P�H�A�)� �s�i�r�e� �s�u�m�m�a�r�y� �i�n� �1�9�8�2� �t�h�r�o�u�g�h� �1�9�8�6� 

�b�a�s�e�d� �u�p�o�n� �t�h�e�i�r� �y�e�a�r�l�i�n�g� �w�e�i�g�h�t� �(�Y�W�)� �a�n�d� �t�o�t�a�l� �m�a�t�e�r�n�a�l� �(�M�A�T�)� �E�P�D�'�s�.� �S�e�l�e�c�t�i�o�n� �w�a�s� 

�d�i�v�e�r�g�e�n�t� �i�n� �o�r�d�e�r� �t�o� �i�d�e�n�t�i�f�y� �f�o�u�r� �d�i�s�t�i�n�c�t� �g�r�o�u�p�s� �o�f� �s�i�r�e�s�:� 

�H�H� �=� �H�i�g�h� �Y�W� �a�n�d� �H�i�g�h� �M�A�T� 

�H�L� �=� �H�i�g�h� �Y�W� �a�n�d� �L�o�w� �M�A�T� 

�L�H� �=� �L�o�w� �Y�W� �a�n�d� �H�i�g�h� �M�A�T� 

�L�L� �=� �L�o�w� �Y�W� �a�n�d� �L�o�w� �M�A�T� 

�A� �m�i�n�i�m�u�m� �l�e�v�e�l� �o�f� �a�c�c�u�r�a�c�y� �(�B�I�F�,� �1�9�8�6�)� �o�f� �.�8�0� �w�a�s� �r�e�q�u�i�r�e�d� �a�n�d� �w�i�t�h�i�n� �t�h�a�t� �c�o�n�s�t�r�a�i�n�t� 

�t�h�e� �m�o�s�t� �e�x�t�r�e�m�e� �i�n�d�i�v�i�d�u�a�l�s� �i�n� �e�a�c�h� �g�r�o�u�p� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �T�h�i�s� �l�e�v�e�l� �o�f� �a�c�c�u�r�a�c�y� 

�c�o�r�r�e�s�p�o�n�d�s� �t�o� �a�n� �e�x�p�e�c�t�e�d� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �a�c�t�u�a�l� �a�n�d� �p�r�e�d�i�c�t�e�d� �B�V� �o�f� �.�9�8�.� �F�i�n�a�l� 

�s�e�l�e�c�t�i�o�n� �d�e�c�i�s�i�o�n�s� �w�e�r�e� �b�a�s�e�d� �o�n� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �s�e�m�e�n�.� �I�n� �e�a�c�h� �y�e�a�r�,� �a� �n�e�w� �s�a�m�p�l�e� �o�f� 

�b�u�l�l�s� �w�a�s� �i�d�e�n�t�i�f�i�e�d� �f�r�o�m� �t�h�e� �a�n�n�u�a�l� �s�i�r�e� �s�u�m�m�a�r�y�.� �S�i�x�t�e�e�n� �b�u�l�l�s� �w�e�r�e� �u�s�e�d� �i�n� �m�o�r�e� �t�h�a�n� 

�o�n�e� �y�e�a�r� �(�M�a�h�r�t� �e�t� �a�l�.�,� �1�9�9�0�)�.� �F�o�u�r�t�y� �t�h�r�e�e� �o�f� �t�h�e� �4�7� �s�i�r�e�s� �c�o�n�t�r�i�b�u�t�e�d� �a�t� �l�e�a�s�t� �o�n�e� 

�d�a�u�g�h�t�e�r� �t�o� �t�h�e� �h�e�r�d�.� 

�S�e�v�e�r�a�l� �c�h�a�n�g�e�s� �i�n� �t�h�e� �A�P�H�A� �e�v�a�l�u�a�t�i�o�n� �s�y�s�t�e�m� �o�c�c�u�r�r�e�d� �a�f�t�e�r� �1�9�8�6�.� �A�t� �t�h�e� �t�i�m�e� �t�h�e� �b�u�l�l�s� 

�w�e�r�e� �s�e�l�e�c�t�e�d�,� �M�A�T� �E�P�D� �w�a�s� �e�s�t�i�m�a�t�e�d� �d�i�r�e�c�t�l�y� �f�r�o�m� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �f�i�r�s�t� �c�a�l�v�e�s� 

�o�f� �s�i�r�e�s�'� �d�a�u�g�h�t�e�r�s� �a�n�d� �a�s� �s�u�c�h� �i�n�c�l�u�d�e�d� �b�o�t�h� �g�e�n�e�t�i�c� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �a�n�d� �i�n� 

�g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l� �t�r�a�n�s�m�i�t�t�e�d� �f�r�o�m� �s�i�r�e� �t�o� �g�r�a�n�d�p�r�o�g�e�n�y� �v�i�a� �t�h�e� �d�a�m� �(�M�a�h�r�t� �e�t� �a�l�.�,� �1�9�9�0�)�.� 

�B�e�g�i�n�n�i�n�g� �i�n� �1�9�8�8�,� �M�I�L�K� �E�P�D�s� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �A�P�H�A� �s�i�r�e� �s�u�m�m�a�r�y� �t�o� �a�l�l�o�w� �p�a�r�t�i�t�i�o�n� 
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�o�f� �t�h�e� �t�o�t�a�l� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �i�n�t�o� �c�o�m�p�o�n�e�n�t�s� �d�u�e� �t�o� �m�a�t�e�r�n�a�l� �a�b�i�l�i�t�y� �a�n�d� �t�r�a�n�s�m�i�t�t�e�d� 

�g�r�o�w�t�h�.� 

�C�u�r�r�e�n�t� �E�P�D�s� �f�o�r� �s�i�r�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �1�9�9�2� �A�P�H�A� �S�i�r�e� �S�u�m�m�a�r�y� �(�T�a�b�l�e� �3�.�1�)� �a�n�d� 

�u�s�e�d� �f�o�r� �a�l�l� �a�n�a�l�y�s�e�s�.� �T�h�e� �f�o�u�r� �g�r�o�u�p�s� �w�e�r�e� �l�e�s�s� �d�i�s�t�i�n�c�t� �t�h�a�n� �t�h�e�y� �w�e�r�e� �a�t� �t�h�e� �t�i�m�e� �o�f� 

�s�e�l�e�c�t�i�o�n� �d�u�e� �t�o� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �a�d�d�i�t�i�o�n�a�l� �d�a�t�a� �a�n�d� �c�h�a�n�g�e�s� �i�n� �m�e�t�h�o�d�o�l�o�g�y� �i�n� �l�a�t�e�r� �s�i�r�e� 

�s�u�m�m�a�r�i�e�s�,� �b�u�t� �r�e�s�u�l�t�s� �o�f� �t�h�e� �d�i�v�e�r�g�e�n�t� �s�e�l�e�c�t�i�o�n� �c�a�n� �s�t�i�l�l� �b�e� �o�b�s�e�r�v�e�d� �a�s� �a� �s�h�o�r�t�a�g�e� �o�f� 

�a�n�i�m�a�l�s� �t�h�a�t� �a�r�e� �n�e�a�r� �a�v�e�r�a�g�e� �f�o�r� �b�o�t�h� �t�r�a�i�t�s�,� �r�e�s�u�l�t�i�n�g� �i�n� �f�e�w�e�r� �a�n�i�m�a�l�s� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �(�F�i�g�u�r�e� �3�.�1�)�.� 

�A�n�g�u�s� �M�a�t�e�r�n�a�l� �G�r�a�n�d�a�m�s�.� �O�n�e� �h�u�n�d�r�e�d� �f�i�f�t�y� �s�e�v�e�n� �s�t�r�a�i�g�h�t�b�r�e�d� �A�n�g�u�s� �c�o�w�s� �f�o�r�m�e�d� 

�t�h�e� �f�o�u�n�d�a�t�i�o�n� �c�o�w� �h�e�r�d�.� �T�h�e�y� �i�n�c�l�u�d�e�d� �t�w�o� �d�i�s�t�i�n�c�t� �g�r�o�u�p�s� �d�i�v�i�d�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e�i�r� 

�b�i�r�t�h� �y�e�a�r�.� �T�h�e� �f�i�r�s�t� �g�r�o�u�p� �o�f� �c�o�w�s� �(�n�=�1�0�4�)� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �V�i�r�g�i�n�i�a� �f�e�e�d�e�r� �c�a�l�f� 

�s�a�l�e�s� �a�n�d� �e�n�t�e�r�e�d� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �i�n� �t�h�e� �s�p�r�i�n�g� �o�f� �1�9�8�2� �w�h�e�n� �a�l�l� �o�f� �t�h�e� �c�o�w�s� �w�e�r�e� �5� �y�r� �o�l�d�.� 

�T�h�e� �s�e�c�o�n�d� �g�r�o�u�p� �(�n�=� �5�3�)� �c�a�m�e� �f�r�o�m� �a� �s�i�n�g�l�e� �f�a�r�m� �a�n�d� �e�n�t�e�r�e�d� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �i�n� �1�9�8�3� �a�t� 

�1� �y�r� �o�f� �a�g�e�.� �B�e�t�w�e�e�n� �1�9�8�2� �a�n�d� �1�9�8�6�,� �t�h�e�s�e� �c�o�w�s� �w�e�r�e� �r�a�n�d�o�m�l�y� �m�a�t�e�d� �b�y� �A�I� �u�s�i�n�g� �s�e�m�e�n� 

�f�r�o�m� �t�h�e� �s�e�l�e�c�t�e�d� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �s�i�r�e�s�.� �R�e�l�a�t�i�o�n�s�h�i�p�s� �a�m�o�n�g� �c�o�w�s� �w�e�r�e� �u�n�k�n�o�w�n� �a�n�d� 

�t�h�e�y� �w�i�l�l� �s�u�b�s�e�q�u�e�n�t�l�y� �b�e� �c�o�n�s�i�d�e�r�e�d� �u�n�r�e�l�a�t�e�d�.� 

�C�r�o�s�s�b�r�e�d� �D�a�m�s� �a�n�d� �S�i�r�e�s� �o�f� �C�a�l�v�e�s�.� �O�n�e� �h�u�n�d�r�e�d� �e�i�g�h�t�y� �e�i�g�h�t� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �x� �A�n�g�u�s� 

�c�r�o�s�s�b�r�e�d� �c�o�w�s� �w�e�r�e� �p�r�o�d�u�c�e�d�.� �P�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e�s�e� �c�o�w�s� �a�s� �c�a�l�v�e�s� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� 

�b�y� �M�a�h�r�t� �e�t� �a�l�.� �(�1�9�9�0�)�.� �A�g�e� �o�f� �c�r�o�s�s�b�r�e�d� �c�o�w�s� �a�t� �c�a�l�v�i�n�g� �r�a�n�g�e�d� �b�e�t�w�e�e�n� �2� �a�n�d� �7� �y�r�.� 

�F�e�m�a�l�e�s� �w�e�r�e� �i�n�s�e�m�i�n�a�t�e�d� �f�o�r� �t�h�e� �f�i�r�s�t� �t�i�m�e� �a�t� �a�b�o�u�t� �1�5� �m�o� �o�f� �a�g�e�.� �S�i�x�t�y� �s�e�v�e�n� �s�i�r�e�s� �o�f� 

�f�o�u�r� �d�i�f�f�e�r�e�n�t� �b�r�e�e�d�s� �w�e�r�e� �m�a�t�e�d� �b�y� �A�.�I�.� �t�o� �c�r�o�s�s�b�r�e�d� �c�o�w�s� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �p�h�a�s�e� �o�f� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�.� �T�h�o�s�e� �b�r�e�e�d�s� �w�e�r�e� �N�o�r�t�h� �A�m�e�r�i�c�a�n� �A�n�g�u�s� �(�n�=�2�5�)�,� �S�a�l�e�r�s� �(�n�=�5�)�,� �S�i�m�m�e�n�t�a�l� 
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�(�n�=�3�1�)� �a�n�d� �N�e�w� �Z�e�a�l�a�n�d� �A�n�g�u�s� �(�n�=�6�)�.� �F�i�g�u�r�e� �3�.�2� �s�h�o�w�s� �t�h�e� �d�a�t�a� �d�i�s�t�r�i�b�u�t�i�o�n� �a�m�o�n�g� �c�o�w� 

�a�g�e�s�,� �y�e�a�r�s� �o�f� �c�a�l�v�i�n�g� �a�n�d� �s�i�r�e� �b�r�e�e�d�s�.� �N�o�r�t�h� �A�m�e�r�i�c�a�n� �A�n�g�u�s� �b�u�l�l�s� �w�e�r�e� �u�s�e�d� �i�n� �e�v�e�r�y� 

�y�e�a�r� �e�x�c�e�p�t� �1�9�8�7�.� �S�a�l�e�r�s� �w�e�r�e� �u�s�e�d� �w�i�t�h� �N�o�r�t�h� �A�m�e�r�i�c�a�n� �A�n�g�u�s� �i�n� �1�9�8�6�.� �S�i�m�m�e�n�t�a�l� 

�b�u�l�l�s� �w�e�r�e� �u�s�e�d� �f�r�o�m� �1�9�8�7� �t�o� �1�9�9�0� �a�n�d� �c�o�e�x�i�s�t�e�d� �w�i�t�h� �N�o�r�t�h� �A�m�e�r�i�c�a�n� �A�n�g�u�s� �i�n� �a�l�l� �y�e�a�r�s� 

�e�x�c�e�p�t� �1�9�8�7�.� �N�e�w� �Z�e�a�l�a�n�d� �A�n�g�u�s� �w�e�r�e� �u�s�e�d� �d�u�r�i�n�g� �1�9�8�8� �a�n�d� �1�9�8�9�.� �S�i�m�m�e�n�t�a�l� �b�u�l�l�s� �w�e�r�e� 

�r�a�n�d�o�m�l�y� �m�a�t�e�d� �t�o� �2� �a�n�d� �3� �y�r� �o�l�d� �c�o�w�s� �b�e�c�a�u�s�e� �c�r�o�s�s�b�r�e�d� �c�o�w�s� �w�e�r�e� �a�d�d�i�t�i�o�n�a�l�l�y� 

�i�n�v�o�l�v�e�d� �i�n� �a�n� �e�x�p�e�r�i�m�e�n�t� �t�o� �d�e�t�e�c�t� �f�a�c�t�o�r�s� �r�e�l�a�t�e�d� �t�o� �c�a�l�v�i�n�g� �d�i�f�f�i�c�u�l�t�y� �(�N�u�g�e�n�t� �a�n�d� 

�N�o�t�t�e�r�,� �1�9�9�1�)�.� �N�o�t�e� �f�r�o�m� �F�i�g�u�r�e� �3�.�2� �t�h�a�t� �a�g�e� �o�f� �c�o�w�,� �y�e�a�r� �o�f� �c�a�l�v�i�n�g� �a�n�d� �b�r�e�e�d� �o�f� �t�h�e� �s�i�r�e� 

�o�f� �t�h�e� �c�a�l�v�e�s� �w�e�r�e� �p�a�r�t�i�a�l�l�y� �c�o�n�f�o�u�n�d�e�d�.� �C�o�w�s� �w�e�r�e� �c�u�l�l�e�d� �o�n�l�y� �i�n� �c�a�s�e� �o�f� �m�a�j�o�r� �p�h�y�s�i�c�a�l� 

�p�r�o�b�l�e�m�s� �t�h�a�t� �p�r�e�v�e�n�t�e�d� �c�o�n�c�e�p�t�i�o�n� �o�r� �s�u�c�c�e�s�s�f�u�l�l�y� �r�a�i�s�i�n�g� �a� �c�a�l�f� �t�o� �w�e�a�n�i�n�g�.� 

�C�a�l�v�e�s�.� �F�i�v�e� �h�u�n�d�r�e�d� �s�e�v�e�n�t�y� �f�o�u�r� �c�a�l�v�e�s� �w�e�r�e� �b�o�r�n� �o�u�t� �o�f� �t�h�e� �c�r�o�s�s�b�r�e�d� �d�a�m�s� �b�e�t�w�e�e�n� 

�l�a�t�e� �F�e�b�r�u�a�r�y� �a�n�d� �l�a�t�e� �A�p�r�i�l� �d�u�r�i�n�g� �1�9�8�5� �t�h�r�o�u�g�h� �1�9�9�0�.� �T�a�b�l�e� �3�.�2� �s�h�o�w�s� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

�o�f� �d�a�t�a� �a�c�r�o�s�s� �y�e�a�r�s�.� �M�a�l�e�s� �w�e�r�e� �c�a�s�t�r�a�t�e�d� �s�h�o�r�t�l�y� �a�f�t�e�r� �b�i�r�t�h�.� �C�a�l�v�e�s� �w�e�r�e� �p�a�s�t�u�r�e�d� �w�i�t�h� 

�t�h�e�i�r� �d�a�m�s� �a�n�d� �d�i�d� �n�o�t� �r�e�c�e�i�v�e� �c�r�e�e�p� �f�e�e�d� �b�e�f�o�r�e� �w�e�a�n�i�n�g�.� �F�o�u�r� �h�u�n�d�r�e�d� �n�i�n�e�t�y� �t�w�o� �o�f� 

�t�h�e� �c�a�l�v�e�s� �b�o�r�n� �a�l�s�o� �h�a�d� �a� �r�e�c�o�r�d�e�d� �w�e�a�n�i�n�g� �w�e�i�g�h�t�.� �C�a�l�v�e�s� �w�e�r�e� �w�e�a�n�e�d� �b�e�t�w�e�e�n� �l�a�t�e� 

�O�c�t�o�b�e�r� �a�n�d� �m�i�d�-�N�o�v�e�m�b�e�r� �a�t� �a� �a�v�e�r�a�g�e� �a�g�e� �o�f� �2�2�4� �d� �(�S�D� �=� �1�8� �d�)�.� �A�v�e�r�a�g�e� �w�e�a�n�i�n�g� 

�w�e�i�g�h�t� �w�a�s� �1�9�4�.�8� �k�g� �(�S�D� �=� �2�6�.�6� �k�g�)�.� �D�u�e� �t�o� �p�o�s�s�i�b�l�e� �s�i�r�e� �m�i�s�i�d�e�n�t�i�f�i�c�a�t�i�o�n� �b�a�s�e�d� �u�p�o�n� 

�r�e�c�o�r�d�e�d� �b�r�e�e�d�i�n�g� �a�n�d� �b�i�r�t�h� �d�a�t�e�s�,� �s�i�x�t�y� �s�i�x� �w�e�a�n�i�n�g� �r�e�c�o�r�d�s� �w�e�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �d�i�s�c�a�r�d�e�d� 

�f�r�o�m� �t�h�e� �d�a�t�a� �s�e�t�,� �l�e�a�v�i�n�g� �4�2�6� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �r�e�c�o�r�d�s� �f�o�r� �a�n�a�l�y�s�i�s� �(�T�a�b�l�e� �3�.�2�)�.� 

�R�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s� 

�S�e�c�o�n�d� �g�e�n�e�r�a�t�i�o�n� �c�a�l�f� �d�a�t�a� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �t�h�e� �G�e�n�e�r�a�l� �L�i�n�e�a�l� �M�o�d�e�l� 

�P�r�o�c�e�d�u�r�e� �o�f� �S�A�S� �(�1�9�9�0�)�.� �P�r�i�o�r� �t�o� �a�n�a�l�y�s�i�s�,� �w�e�a�n�i�n�g� �w�e�i�g�h�t�s� �o�f� �c�a�l�v�e�s� �w�e�r�e� �a�d�j�u�s�t�e�d� �t�o� 
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�2�0�5� �d� �o�f� �a�g�e� �(�B�I�F�,� �1�9�8�6�)�.� �T�w�e�n�t�y� �s�e�v�e�n� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �w�e�r�e� �d�e�f�i�n�e�d� �r�e�p�r�e�s�e�n�t�i�n�g� 

�b�i�r�t�h� �y�e�a�r�,� �a�g�e� �o�f� �c�o�w�s� �a�n�d� �c�a�l�f� �s�i�r�e� �b�r�e�e�d� �c�o�m�b�i�n�a�t�i�o�n�s� �(�F�i�g�u�r�e� �3�.�2�)�.� 

�T�h�e� �f�o�u�r� �g�r�o�u�p�s� �o�f� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� �w�e�r�e� �f�i�r�s�t� �c�o�m�p�a�r�e�d� �u�s�i�n�g� �t�h�e� 

�m�o�d�e�l�:� 

�V�i�t�i�m�n�o� �=�H� �+� �s�x�;� �+� �c�g�;� �+� �m�d�g�,� �+� �S�c�,� �+� �M�S�Z�,� �+� �M�E�S�a�n� �+� �C�i�x�t�m�n�o� �[�1�]� 

�w�h�e�r�e� 

�Y�i�t�i�m�n�o� �1�8� �t�h�e� �a�d�j�u�s�t�e�d� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �o�f� �a� �c�a�l�f�,� 

�U�W� �i�s� �a� �c�o�n�s�t�a�n�t� �c�o�m�m�o�n� �t�o� �a�l�l� �o�b�s�e�r�v�a�t�i�o�n�s�;� 

�S�X�;� �i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �i�t�h� �s�e�x� �(�i� �=�1�,�2� �f�o�r� �s�t�e�e�r� �o�r� �h�e�i�f�e�r�)�;� 

�c�g�;� �i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �j�t�h� �c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p� �(�j� �=� �1�,�.�.�.�2�7�)�;� 

�m�a�g�,� �i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �k�t�h� �m�a�t�e�r�n�a�l� �g�r�a�n�d�a�m� �g�r�o�u�p� �(�k� �=� �1�,�2�)�;� 

�S�C�;� �i�s� �t�h�e� �r�a�n�d�o�m� �e�f�f�e�c�t� �o�f� �t�h�e� �/�t�h� �s�i�r�e� �o�f� �c�a�l�f� �(�J� �=� �1�.�.�.�.�.�6�7�)�;� 

�m�g�s�g�,�,� �i�S� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �m�t�h� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �g�r�o�u�p� �(�m� �=� �1�,�.�.�.�4�)�;� 

�m�g�s�,�,� �i�S� �t�h�e� �r�a�n�d�o�m� �e�f�f�e�c�t� �o�f� �t�h�e� �m�t�h� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �n�e�s�t�e�d� �w�i�t�h�i�n� �t�h�e� �m�t�h� 

�m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �g�r�o�u�p� �(�7�m� �=� �1�,�.�.�.�4�3�)�;� 

�e� �i�s� �a� �r�a�n�d�o�m� �e�r�r�o�r� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �Y�.� �i�j�k�l�m�n�o� 

�E�f�f�e�c�t�s� �o�f� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �g�r�o�u�p�s� �w�e�r�e� �t�e�s�t�e�d� �u�s�i�n�g� �t�h�e� �b�e�t�w�e�e�n� �s�i�r�e� �m�e�a�n� �s�q�u�a�r�e�.� 

�I�n�d�i�v�i�d�u�a�l� �e�f�f�e�c�t�s� �o�f� �Y�W� �(�H� �v�s�.� �L�)� �a�n�d� �m�a�t�e�r�n�a�l� �g�r�o�u�p�s� �(�H� �v�s�.� �L�)� �a�s� �w�e�l�l� �a�s� �t�h�e�i�r� 

�i�n�t�e�r�a�c�t�i�o�n� �w�e�r�e� �a�l�s�o� �t�e�s�t�e�d� �u�s�i�n�g� �o�r�t�h�o�g�o�n�a�l� �c�o�n�t�r�a�s�t�s�.� 

�A�d�j�u�s�t�e�d� �c�a�l�f� �w�e�a�n�i�n�g� �w�e�i�g�h�t�s� �w�e�r�e� �a�l�s�o� �r�e�g�r�e�s�s�e�d� �o�n� �M�A�T� �E�P�D� �o�f� �t�h�e� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� 

�m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �f�o�l�l�o�w�i�n�g� �m�o�d�e�l�:� 
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� � 

�Y�i�i�t�i�m� �=�H� �+� �s�x�,� �+� �c�g�,� �+� �m�d�g�,� �+� �s�c�,� �+� �B�,� �(�m�a�t�e�p�d� �-�m�a�t�e�p�d� �)� �+� �e�r�i�n� �[�2�]� 

�w�h�e�r�e� 

�B�,� �i�s� �t�h�e� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �c�a�l�f� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �o�n� �m�a�t�e�r�n�a�l� 

�g�r�a�n�d�s�i�r�e� �M�A�T� �E�P�D�;� �a�n�d� 

� � 

�(�m�a�t�e�p�d� �-�m�a�t�e�p�d�)� �_� �i�s� �t�h�e� �d�e�v�i�a�t�i�o�n� �o�f� �t�h�e� �s�i�r�e� �M�A�T� �E�P�D� �f�r�o�m� �t�h�e� �m�e�a�n� �M�A�T� �E�P�D� �o�f� 

�a�l�l� �s�i�r�e�s�.� 

�T�h�e� �t�o�t�a�l� �m�a�t�e�r�n�a�l� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �w�a�s� �a�l�s�o� �p�a�r�t�i�t�i�o�n�e�d� �i�n�t�o� �i�t�s� �t�w�o� 

�c�o�m�p�o�n�e�n�t�s�,� �W�W� �E�P�D� �a�n�d� �M�I�L�K� �E�P�D� �a�n�d� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �o�b�s�e�r�v�e�d� �c�a�l�f� 

�p�e�r�f�o�r�m�a�n�c�e� �o�n� �b�o�t�h� �E�P�D�s� �w�e�r�e� �d�e�r�i�v�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�.� �T�h�e� �m�o�d�e�l� �w�a�s�:� 
� � 

�Y�u�i�n� �=�H� �+� �5�x�,� �+� �0�g�,� �+� �m�d�g�,� �+� �s�c�,� �+� �B�,� �(�w�w�e�p�d� �-�w�w�e�p�d� �)� 
� � 

�+� �B�,� �(�m�i�l�k�e�p�d� �-�m�i�l�k�e�p�d� �)� �+�  ¬� �4�1� �[�3�]� 

�w�h�e�r�e� 

�B�,� �i�s� �t�h�e� �p�a�r�t�i�a�l� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �c�a�l�f� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �o�n� 

�m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �W�W� �E�P�D�;� 
� � 

�(�w�w�e�p�d� �-�w�w�e�p�d�)� �i�s� �t�h�e� �d�e�v�i�a�t�i�o�n� �o�f� �t�h�e� �s�i�r�e� �W�W� �E�P�D� �f�r�o�m� �t�h�e� �m�e�a�n� �W�W� �E�P�D�;� 

�B�,� �i�s� �t�h�e� �p�a�r�t�i�a�l� �r�e�g�r�e�s�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �c�a�l�f� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �o�n� 

�m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �M�I�L�K� �E�P�D�;� �a�n�d� 

�(�m�i�l�k�e�p�d� �-�m�i�l�k�e�p�d�)� �_� �i�s� �t�h�e� �d�e�v�i�a�t�i�o�n� �o�f� �t�h�e� �s�i�r�e� �M�I�L�K� �E�P�D� �f�r�o�m� �t�h�e� �m�e�a�n� �M�I�L�K� �E�P�D�.� 

�O�t�h�e�r� �e�f�f�e�c�t�s� �a�r�e� �a�s� �d�e�f�i�n�e�d� �i�n� �t�h�e� �m�o�d�e�l� �[�2�]�.� 

�A�d�d�i�t�i�o�n�a�l� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �e�f�f�e�c�t�s� �t�h�a�t� �w�e�r�e� �n�o�t� �a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �W�W� �a�n�d� �M�I�L�K� �E�P�D� 

�w�e�r�e� �t�e�s�t�e�d� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �m�o�d�e�l� �:� 
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� � 

�V�i�z�i�m�n� �=�H� �+� �S�x�;� �+� �c�g�,� �+� �m�d�g�,� �+� �s�c�,� �+� �B�,� �(�w�w�e�p�d� �-�w�w�e�p�d� �)� 
� � 

�+� �B�,� �(�m�i�l�k�e�p�d� �-�m�i�l�k�e�p�d� �)� �+� �m�g�s� �+�  ¬�s�p�i�m�n� �[�4�]� 

�P�r�e�d�i�c�t�i�o�n� �o�f� �B�r�e�e�d�i�n�g� �V�a�l�u�e�s� 

�D�a�t�a�.� 

�A� �t�o�t�a�l� �o�f� �8�6�3� �a�d�j�u�s�t�e�d� �w�e�a�n�i�n�g� �w�e�i�g�h�t�s� �w�e�r�e� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �W�W� �a�n�d� �M�I�L�K� �E�P�D�s�.� 

�T�h�e�s�e� �r�e�c�o�r�d�s� �r�e�p�r�e�s�e�n�t� �b�o�t�h� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �x� �A�n�g�u�s� �c�a�l�v�e�s� �a�n�d� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �p�r�o�g�e�n�y� 

�o�f� �t�h�e� �c�r�o�s�s�b�r�e�d� �f�e�m�a�l�e�s�.� �F�i�g�u�r�e� �3�.�3� �s�h�o�w�s� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e�s�e� �d�a�t�a�.� �I�n�s�t�e�a�d� �o�f� �d�e�f�i�n�i�n�g� 

�c�o�n�t�e�m�p�o�r�a�r�y� �g�r�o�u�p�s� �a�s� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�,� �d�a�t�a� �w�e�r�e� �a�d�j�u�s�t�e�d� �f�o�r� �c�o�w� �a�g�e� �p�r�i�o�r� �t�o� 

�a�n�a�l�y�s�i�s�.� �A�d�d�i�t�i�v�e� �c�o�r�r�e�c�t�i�o�n� �f�a�c�t�o�r�s� �a�p�p�l�i�e�d� �b�y� �t�h�e� �A�P�H�A� �w�e�r�e� �u�s�e�d� �f�o�r� �t�h�i�s� �p�u�r�p�o�s�e� �(�K�.� 

�B�e�r�t�r�a�n�d�,� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�)�.� �T�h�i�s� �a�p�p�r�o�a�c�h� �a�l�l�o�w�e�d� �e�f�f�e�c�t�s� �o�f� �b�r�e�e�d� �o�f� �c�a�l�f� �s�i�r�e� �t�o� 

�b�e� �d�e�f�i�n�e�d� �a�s� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �a�n�d� �p�r�o�v�i�d�e�d� �f�o�r� �c�o�n�n�e�c�t�i�o�n�s� �b�e�t�w�e�e�n� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� 

�g�e�n�e�r�a�t�i�o�n� �c�a�l�v�e�s� �b�o�r�n� �i�n� �t�h�e� �s�a�m�e� �y�e�a�r� �t�o� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�s� �c�o�n�t�e�m�p�o�r�a�r�i�e�s�.� �E�f�f�e�c�t�s� �o�f� 

�b�i�r�t�h� �y�e�a�r� �a�n�d� �s�e�x� �w�e�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �m�o�d�e�l�.� �C�a�l�v�e�s� �w�e�r�e� �p�r�o�g�e�n�y� �o�f� �1�1�4� �s�i�r�e�s�,� 

�i�n�c�l�u�d�i�n�g� �4�7� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �s�i�r�e�s� �a�n�d� �6�7� �s�i�r�e�s� �b�e�l�o�n�g�i�n�g� �t�o� �t�h�e� �f�o�u�r� �o�t�h�e�r� �b�r�e�e�d�s�.� �F�o�u�r�t�y� 

�t�h�r�e�e� �o�f� �t�h�e� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �s�i�r�e�s� �h�a�d� �b�o�t�h� �p�r�o�g�e�n�y� �a�n�d� �g�r�a�n�d�p�r�o�g�e�n�y� �i�n� �t�h�e� �d�a�t�a� �s�e�t�.� 

�T�h�e�r�e�f�o�r�e�,� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t�s� �w�e�r�e� �o�n�l�y� �e�s�t�i�m�a�t�e�d� �f�o�r� �4�3� �o�f� �t�h�e� �4�7� �P�o�l�l�e�d� 

�H�e�r�e�f�o�r�d� �s�i�r�e�s�.� �T�h�e� �n�u�m�b�e�r� �o�f� �A�n�g�u�s� �d�a�m�s� �w�a�s� �1�5�3�.� �O�n�e� �h�u�n�d�r�e�d� �a�n�d� �e�i�g�h�t� �o�f� �t�h�e�s�e� 

�A�n�g�u�s� �d�a�m�s� �w�e�r�e� �b�o�t�h� �d�a�m�s� �a�n�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�a�m�s�.� �T�h�e� �o�n�l�y� �i�n�t�e�n�t�i�o�n�a�l� �s�e�l�e�c�t�i�o�n� 

�p�r�e�s�e�n�t� �i�n� �t�h�e� �d�a�t�a� �w�a�s� �t�h�e� �o�r�i�g�i�n�a�l� �s�e�l�e�c�t�i�o�n� �p�r�a�c�t�i�c�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �s�i�r�e�s�.� 

�B�o�t�h� �h�e�i�f�e�r�s� �a�n�d� �s�t�e�e�r�s� �w�e�r�e� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �d�a�t�a� �s�e�t�.� 

�G�e�n�e�t�i�c� �g�r�o�u�p�i�n�g�.� 

�G�e�n�e�t�i�c� �g�r�o�u�p�i�n�g� �c�a�n� �b�e� �u�s�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �s�y�s�t�e�m�a�t�i�c� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �g�e�n�e�t�i�c� �m�e�r�i�t� �o�r� 

�o�r�i�g�i�n� �(�s�u�b�p�o�p�u�l�a�t�i�o�n�)� �o�f� �a�n�i�m�a�l�s� �b�e�i�n�g� �e�v�a�l�u�a�t�e�d� �(�H�e�n�d�e�r�s�o�n�,� �1�9�7�3�;� �Q�u�a�a�s� �1�9�8�8�)�.� 
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�G�e�n�e�t�i�c� �g�r�o�u�p�i�n�g�s� �s�h�o�u�l�d� �r�e�p�r�e�s�e�n�t� �a�n�i�m�a�l�s� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �g�e�n�e�t�i�c� �m�e�a�n�s� �s�i�n�c�e� �t�h�e� �a�v�e�r�a�g�e� 

�g�e�n�e�t�i�c� �m�e�r�i�t� �o�f� �a�n� �a�n�i�m�a�l� �t�h�e�n� �w�i�l�l� �b�e� �r�e�g�r�e�s�s�e�d� �t�o�w�a�r�d�s� �t�h�e� �m�e�a�n� �o�f� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� 

�g�r�o�u�p� �r�a�t�h�e�r� �t�h�a�n� �t�o� �t�h�e� �m�e�a�n� �o�f� �a�l�l� �a�n�i�m�a�l�s�.� �T�h�u�s�,� �g�e�n�e�t�i�c� �g�r�o�u�p�s� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �f�o�r� �t�h�e� 

�p�a�r�e�n�t� �i�n�d�i�v�i�d�u�a�l�s� �i�n� �t�h�e� �d�a�t�a� �s�e�t� �t�o� �a�c�c�o�u�n�t� �f�o�r� �s�e�l�e�c�t�i�o�n� �a�n�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �d�i�f�f�e�r�e�n�t� 

�s�u�b�p�o�p�u�l�a�t�i�o�n�s�.� �E�i�g�h�t� �g�r�o�u�p�s� �w�e�r�e� �d�e�f�i�n�e�d� �f�o�r� �s�i�r�e�s�'� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t� �e�f�f�e�c�t�s�;� �f�o�u�r� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �f�o�u�r� �s�e�l�e�c�t�e�d� �g�r�o�u�p�s� �o�f� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �s�i�r�e�s� �(�H�H�,� �H�L�,� �L�H� �a�n�d� �L�L�)� 

�a�n�d� �f�o�u�r� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �f�o�u�r� �s�i�r�e� �b�r�e�e�d�s� �m�a�t�e�d� �t�o� �t�h�e� �c�r�o�s�s�b�r�e�d� �c�o�w�s� �(�N�o�r�t�h� 

�A�m�e�r�i�c�a�n� �A�n�g�u�s�,� �S�i�m�m�e�n�t�a�l�,� �S�a�l�e�r�s� �a�n�d� �N�e�w� �Z�e�a�l�a�n�d� �A�n�g�u�s�)�.� �F�u�r�t�h�e�r�m�o�r�e�,� �s�i�n�c�e� 

�s�e�l�e�c�t�i�o�n� �p�r�a�c�t�i�c�e�d� �o�n� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �s�i�r�e�s� �w�a�s� �a�l�s�o� �b�a�s�e�d� �o�n� �m�a�t�e�r�n�a�l� �E�P�D�,� �f�o�u�r� 

�s�e�l�e�c�t�i�o�n� �g�r�o�u�p�s� �w�e�r�e� �a�l�s�o� �d�e�s�i�g�n�e�d� �f�o�r� �t�h�e� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� �f�o�r� 

�m�a�t�e�r�n�a�l� �e�f�f�e�c�t�.� �F�i�n�a�l�l�y�,� �A�n�g�u�s� �c�o�w�s� �w�e�r�e� �a�s�s�i�g�n�e�d� �t�o� �t�w�o� �d�i�f�f�e�r�e�n�t� �g�e�n�e�t�i�c� �g�r�o�u�p�s�,� 

�i�d�e�n�t�i�f�y�i�n�g� �t�h�e� �t�w�o� �a�g�e�-�o�r�i�g�i�n� �g�r�o�u�p�s�.� 

�M�o�d�e�l� �o�f� �e�v�a�l�u�a�t�i�o�n�.� 

�A�d�j�u�s�t�e�d� �2�0�5�-�d� �w�e�a�n�i�n�g� �w�e�i�g�h�t�s� �o�f� �c�a�l�v�e�s� �s�i�r�e�d� �b�y� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �b�u�l�l�s� �w�e�r�e� �f�i�t�t�e�d� �u�s�i�n�g� 

�t�h�e� �f�o�l�l�o�w�i�n�g� �m�o�d�e�l�:� 

�Y�.�.� �=� �s�x�,�t� �b�y�,� �+� �g�d�,� �+� �s�d�j�y�+� �g�a�,�,�+� �A�n�n� �+� �p�e�,� �+� �e� �i�g�k�l�m�n�o� �i�j�k�l�m�n�o� 

�w�h�e�r�e�,� 

�Y� �s�t�m�n�o� �i�s� �t�h�e� �a�d�j�u�s�t�e�d� �w�e�a�n�i�n�g� �w�e�i�g�h�t� �o�f� �a� �c�a�l�f�;� 

�S�X�;� �i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �i�t�h� �s�e�x� �(�i� �=�1�,�2� �b�e�i�n�g� �s�t�e�e�r� �o�r� �f�e�m�a�l�e�)�;� 

�b�y�,� �i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �j�t�h� �c�a�l�f�'�s� �b�i�r�t�h� �y�e�a�r� �(�j� �=� �1�,�.�.�.�5�)�;� 

�g�d�,� �i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �k�t�h� �g�e�n�e�t�i�c� �g�r�o�u�p� �e�f�f�e�c�t� �f�o�r� �t�h�e� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�f� �s�i�r�e� 

�(�k� �=� �1�,�.�.�.�4�)� �t�o� �d�e�n�o�t�e� �t�h�e� �f�o�u�r� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �s�i�r�e�s� �g�r�o�u�p�s�;� 
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�S�d�,� 

�E�a�n�,� 

�P�e�,� 

�©� �i�i�k�l�m�n�o� 

�i�s� �t�h�e� �r�a�n�d�o�m�,� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�f� �t�h�e� �/�t�h� �s�i�r�e� �d�e�v�i�a�t�e�d� 

�f�r�o�m� �t�h�e� �m�e�a�n� �o�f� �h�i�s� �g�r�o�u�p� �(�/� �=� �1�,�.�.�.�4�7�)�;� 

�i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �m�t�h� �g�e�n�e�t�i�c� �g�r�o�u�p� �f�o�r� �t�h�e� �t�o�t�a�l� �g�e�n�e�t�i�c� �A�n�g�u�s� �c�o�w� 

�e�f�f�e�c�t� �(�m� �=� �1�,�.�.�.�2�)� �i�n�c�l�u�d�i�n�g� �t�h�e� �c�o�n�f�o�u�n�d�e�d� �g�r�o�u�p� �e�f�f�e�c�t� �a�d�d�i�t�i�v�e� �a�n�d� 

�m�a�t�e�r�n�a�l� �g�e�n�e�t�i�c� �e�f�f�e�c�t�s�.� 

�i�s� �t�h�e� �r�a�n�d�o�m� �t�o�t�a�l� �g�e�n�e�t�i�c� �e�f�f�e�c�t� �o�f� �t�h�e� �n�t�h� �A�n�g�u�s� �c�o�w� �(�n� �=� �1�,�.�.�.�1�5�3�)� 

�d�e�v�i�a�t�e�d� �f�r�o�m� �t�h�e� �m�e�a�n� �o�f� �h�e�r� �g�r�o�u�p�;� 

�i�s� �t�h�e� �n�t�h� �r�a�n�d�o�m� �p�e�r�m�a�n�e�n�t� �e�f�f�e�c�t� �c�o�m�m�o�n� �t�o� �a�l�l� �c�a�l�v�e�s� �b�o�r�n� �o�u�t� �o�f� �t�h�e� 

�n�t�h� �A�n�g�u�s� �c�o�w� �(�0� �=� �1�,�.�.�.�1�5�3�)�;� 

�i�s� �a�r�a�n�d�o�m� �r�e�s�i�d�u�a�l� �e�f�f�e�c�t�.� 

�F�o�r� �c�a�l�v�e�s� �w�i�t�h� �P�o�l�l�e�d� �H�e�r�e�f�o�r�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s�,� �t�h�e� �m�o�d�e�l� �w�a�s�:� 

�Y� 

�w�h�e�r�e� 

�b�y�,� 

�g�d�,� 

�S�d�,� 

�%� �g�d�,� 

�Y�o� �S�A�r�m� 

�i�s�k�l�m�n�o�p�q� �=� �S�x�,� �+� �b�y�,� �+� �g�d�,� �+� �s�d�,� �+� �Y�a� �g�d�,� �+ �� �S�A� �y�y�y� �+� �&!"�M�,�,� �+� �S�M�y�y�*� �7�2� �B�A�,�t� �7�2�.� �A�g�y� 

�+� �i�x�i�m�n�o�p� 

�i�s� �t�h�e� �j�t�h� �c�a�l�f�'�s� �b�i�r�t�h� �y�e�a�r� �(�7� �=� �3�,�.�.�.�8�)�;� 

�i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �k�t�h� �g�e�n�e�t�i�c� �g�r�o�u�p� �f�o�r� �t�h�e� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�f� �s�i�r�e� �(�k� �=� 

�5�,�.�.�.�8�)� �t�o� �d�e�n�o�t�e� �t�h�e� �f�o�u�r� �c�a�l�f�'�s� �s�i�r�e� �g�r�o�u�p�s�;� 

�i�s� �t�h�e� �r�a�n�d�o�m�,� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�f� �t�h�e� �/�t�h� �s�i�r�e� �d�e�v�i�a�t�e�d� �f�r�o�m� �t�h�e� 

�m�e�a�n� �o�f� �h�i�s� �g�r�o�u�p� �(�/� �=� �4�8�,�.�.�.�1�1�4�)�;� 

�i�s� �o�n�e� �h�a�l�f� �o�f� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �k�t�h� �g�e�n�e�t�i�c� �g�r�o�u�p� �e�f�f�e�c�t� �f�o�r� �t�h�e� �d�i�r�e�c�t� 

�e�f�f�e�c�t� �o�f� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e�s� �(�k� �=� �1�,�.�.�.�4�)�;� 

�i�s� �o�n�e�-�h�a�l�f� �o�f� �t�h�e� �r�a�n�d�o�m� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t� �e�f�f�e�c�t� �o�f� �t�h�e� �m�t�h� �m�a�t�e�r�n�a�l� 

�g�r�a�n�d�s�i�r�e� �d�e�v�i�a�t�e�d� �f�r�o�m� �t�h�e� �m�e�a�n� �o�f� �h�i�s� �g�r�o�u�p� �(�m� �=� �1�,�.�.�.�4�7�)�;� 
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�2� �Z�a�,� 

�Y�s� �o�y� 

�©� �i�k�l�m�n�o�p�q� 

�i�s� �t�h�e� �f�i�x�e�d� �e�f�f�e�c�t� �o�f� �t�h�e� �m�t�h� �g�e�n�e�t�i�c� �g�r�o�u�p� �f�o�r� �t�h�e� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �o�f� �t�h�e� 

�m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �(�m� �=� �1�,�.�.�.�4�)�;� 

�i�s� �t�h�e� �r�a�n�d�o�m� �a�d�d�i�t�i�v�e� �g�e�n�e�t�i�c� �m�a�t�e�r�n�a�l� �e�f�f�e�c�t� �o�f� �t�h�e� �n�t�h� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� 

�d�e�v�i�a�t�e�d� �f�r�o�m� �t�h�e� �m�e�a�n� �h�i�s� �g�r�o�u�p� �(�7� �=� �1�,�.�.�.�4�3�)�;� 

�i�s� �o�n�e� �h�a�l�f� �t�h�e� �o�t�h� �g�e�n�e�t�i�c� �g�r�o�u�p� �f�o�r� �t�h�e� �t�o�t�a�l� �g�e�n�e�t�i�c� �A�n�g�u�s� �c�o�w� �e�f�f�e�c�t� 

�(�o� �=� �1�,�.�.�.�.�2�)�;� 

�i�s� �o�n�e� �h�a�l�f� �o�f� �t�h�e� �p�t�h� �t�o�t�a�l� �g�e�n�e�t�i�c� �e�f�f�e�c�t� �o�f� �t�h�e� �A�n�g�u�s� �c�o�w� �w�i�t�h�i�n� �t�h�e� �o�t�h� 

�g�r�o�u�p� �(�p� �=� �1�,�.�.�.�1�0�8�)� �d�e�v�i�a�t�e�d� �f�r�o�m� �h�e�r� �g�r�o�u�p�;� 

�i�s� �a� �r�e�s�i�d�u�a�l� �e�f�f�e�c�t�;� 

�T�h�e� �i�m�p�l�i�c�a�t�i�o�n� �o�f� �t�h�i�s� �p�a�r�t�i�t�i�o�n� �o�f� �m�o�d�e�l�s� �f�o�r� �t�h�e� �t�w�o� �g�e�n�e�r�a�t�i�o�n�s� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �e�r�r�o�r� 

�t�e�r�m�s�,� �s�u�c�h� �t�h�a�t� �e�a�c�h� �e�r�r�o�r� �t�e�r�m� �c�o�n�t�a�i�n�s� �d�i�f�f�e�r�e�n�t� �e�l�e�m�e�n�t�s�.� 

�I�n� �m�a�t�r�i�x� �n�o�t�a�t�i�o�n� �f�o�r� �b�o�t�h� �m�o�d�e�l�s�:� 

�y�=�X�B�+�2�Z�,�0�7�8�1�+� �2�Z�G�8� �a�+� �Z�m�Q�m�E�m�t� �Z�m�S� �m�t� �Z�e�Q�a�b�a� �+� �Z�e�f� �a�+�Z�,�e�,� �+�e� 

�w�h�e�r�e� 

�J� 

�x�X� 

�i�s� �a� �(� �8�6�3� �x� �1�)� �v�e�c�t�o�r� �o�f� �r�e�c�o�r�d�s�.�;� 

�i�s� �a� �(� �8�6�3� �x� �1�0�)� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �r�e�l�a�t�e�s� �f�i�x�e�d� �e�f�f�e�c�t�s� �(�s�e�x� �a�n�d� �b�i�r�t�h� 

�y�e�a�r�)� �i�n� �B� �(�1�0� �x� �1�)� �t�o� �t�h�e� �v�e�c�t�o�r� �o�f� �r�e�c�o�r�d�s� �y� �;� 

�i�s� �a� �(�8�6�3� �x� �1�1�4�)� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �a�s�s�o�c�i�a�t�e�s� �t�h�e� �v�e�c�t�o�r� �o�f� �s�i�r�e� �a�d�d�i�t�i�v�e� 

�d�i�r�e�c�t� �d�e�v�i�a�t�i�o�n�s� �s�,�(�1�1�4� �x� �1�)� �t�o� �t�h�e� �r�e�c�o�r�d�s� �i�n� �y�;� 

�i�s� �a� �(�1�1�4� �x� �8�)� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �r�e�l�a�t�e�s� �5�,� �t�o� �g�,�;� 

�i�s� �a� �(�8�6�3� �x� �4�3�)� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �a�s�s�o�c�i�a�t�e�s� �t�h�e� �v�e�c�t�o�r� �o�f� �s�i�r�e� �m�a�t�e�r�n�a�l� 

�d�e�v�i�a�t�i�o�n�s� �s�,�,� �(�4�3� �x� �1�)� �t�o� �t�h�e� �r�e�c�o�r�d�s� �i�n� �y�.�;� 

�i�s� �a� �(�4�3�x�4�)� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �r�e�l�a�t�e�s� �s�,�,� �t�o� �g�,�,�.� 
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�Z� �(�8�6�3� �x� �1�5�3�)� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �r�e�l�a�t�e�s� �A�n�g�u�s� �t�o�t�a�l� �g�e�n�e�t�i�c� �e�f�f�e�c�t�s� 

�a�,� �(�1�5�3� �x� �1�)� �t�o� �t�h�e� �r�e�c�o�r�d�s� �i�n� �y�;� 

�Q�,� �i�s� �a� �(�1�5�3� �x� �2�)� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �r�e�l�a�t�e�s� �a�,� �t�o� �g�,�.� 

�Z�,� �(�8�6�3� �x� �1�5�3�)� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�x� �t�h�a�t� �r�e�l�a�t�e�s� �A�n�g�u�s� �m�a�t�e�r�n�a�l� �p�e�r�m�a�n�e�n�t� 

�e�f�f�e�c�t�s� �e�n�e� �(�1�5�3� �x� �1�)� �t�o� �t�h�e� �r�e�c�o�r�d�s� �i�n� �y�,�.� 

�e� �i�s� �a� �(�8�6�3� �x� �1�)� �v�e�c�t�o�r� �o�f� �r�e�s�i�d�u�a�l�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �y�;� 

�S�o� �S�i�n�s� �a�r�e� �v�e�c�t�o�r�s� �o�f� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t� �a�n�d� �a�d�d�i�t�i�v�e� �m�a�t�e�r�n�a�l� �s�i�r�e� �d�e�v�i�a�t�i�o�n�s� 

�r�e�s�p�e�c�t�i�v�e�l�y�;� 

�S�e�Z�m� �Z�a� �a�r�e� �v�e�c�t�o�r�s� �o�f� �g�r�o�u�p� �e�f�f�e�c�t�s� �f�o�r� �a�d�d�i�t�i�v�e� �d�i�r�e�c�t�,� �m�a�t�e�r�n�a�l� �a�n�d� �t�o�t�a�l� �c�o�w� 

�e�f�f�e�c�t� �r�e�s�p�e�c�t�i�v�e�l�y�;� 

�e� �a�r�e� �v�e�c�t�o�r�s� �o�f� �t�o�t�a�l� �g�e�n�e�t�i�c� �d�e�v�i�a�t�i�o�n�s� �a�n�d� �p�e�r�m�a�n�e�n�t� �e�f�f�e�c�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� 

�o�f� �A�n�g�u�s� �c�o�w�s�;� 

�X� �a�n�d� �Z�,�,� �a�r�e� �i�n�c�i�d�e�n�c�e� �m�a�t�r�i�c�e�s� �c�o�n�t�a�i�n�i�n�g� �0� �a�n�d� �1�.� �Z�,�,� �c�o�n�t�a�i�n�s� �0� �f�o�r� �f�i�r�s�t� �g�e�n�e�r�a�t�i�o�n� 

�c�a�l�v�e�s� �a�n�d� �1� �f�o�r� �s�e�c�o�n�d� �g�e�n�e�r�a�t�i�o�n� �c�a�l�v�e�s�.� �H�o�w�e�v�e�r� �n�o�t�i�c�e� �t�h�a�t� �i�n� �t�h�e� �w�a�y� �t�h�e� �m�o�d�e�l� �i�s� 

�p�a�r�a�m�e�t�i�z�e�d�,� �Z�,�a�n�d� �Z�,� �c�o�n�t�a�i�n� �0�,�1� �a�n�d� �.�5� �f�o�r� �t�h�e� �s�i�r�e� �a�n�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�s�i�r�e� �d�i�r�e�c�t� �e�f�f�e�c�t�s� 

�a�n�d� �f�o�r� �d�a�m� �a�n�d� �m�a�t�e�r�n�a�l� �g�r�a�n�d�a�m� �A�n�g�u�s� �c�o�w�s�.� �E�a�c�h� �r�o�w� �o�f� �Z�,� �a�n�d� �Z�,� �c�o�n�t�a�i�n�s� �0� �a�n�d� �1� 

�f�o�r� �f�i�r�s�t� �g�e�n�e�r�a�t�i�o�n� �c�a�l�f� �;� �b�u�t� �f�o�r� �s�e�c�o�n�d� �g�e�n�e�r�a�t�i�o�n� �c�a�l�v�e�s� �Z�,� �c�o�n�t�a�i�n�s� �0�,� �1� �o�r� �.�5� �a�n�d� �Z�,� 

�c�o�n�t�a�i�n�s� �j�u�s�t� �0� �o�r� �.�5�.� 

�T�h�e� �e�x�p�e�c�t�e�d� �v�a�l�u�e�s� �a�n�d� �v�a�r�i�a�n�c�e�s� �o�f� �e�a�c�h� �r�a�n�d�o�m� �e�f�f�e�c�t� �i�n� �t�h�e� �m�o�d�e�l� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� 

�a�s� �f�o�l�l�o�w�s�:� 
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