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1. The concept of connectedness 
 
The term “connectedness” is commonly used in animal breeding in relation to the genetic 
evaluations and across herd comparison of estimated breeding values. In this context, 
connectedness is a measure or accuracy of across herd evaluations. It can be described as 
a measure of the relationships between herds or contemporary groups based on their 
effect on the accuracy of comparing the genetic values of animals from one herd or group 
to the other.  
 
In true statistical sense, a data set is connected if the difference between effects of every 
pair of the same fixed factor is estimable in a model of main effects only. (Searle, 1971). 
In genetic evaluation models, especially using BLUP, the herds or contemporary groups 
constitute the pairs of fixed factors and the differences between them need to be 
estimable in order to compare genetic evaluations of animals from these groups. The 
accuracy of differences between individuals from these subclasses is affected by the 
degree of connectedness between subclasses.  
 
The accuracy of the estimates of breeding values commonly referred as “repeatability” 
depends upon heritability of the trait and the amount of information available for the 
estimation, such as number of records on individual and relatives. It reflects the reliability 
of the estimated breeding value (EBV) as a guide to the true breeding value. However, it 
is not necessarily a good indicator of the accuracy of comparing EBVs from one 
contemporary group to the other. The accuracy of such comparisons depends upon the 
degree of connectedness between the contemporary groups.  
 
This concept of connectedness applies to contemporary groups within a herd or 
contemporary groups from different herds. Very often, there is an interest to know if two 
herds have sufficient degree of connectedness between them to include them in a 
common genetic evaluation program. This is useful in ranking of individuals across herds 
and in identifying the best individuals for selection and genetic improvement. In this case 
each herd may be considered as a separate contemporary group. If there are several 
contemporary groups within a herd, one may select a particular contemporary group to 
represent the herd. For example, if there are several herd-year-season classes within a 
herd, the latest herd-year- season group may be considered as representative of the herd. 
These contemporary groups are henceforth referred to as herds for simplicity.  
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Connectedness as a statistical measure 
 
An illustration of the concept of connectedness in genetic evaluations is given in Figure 
1. Herd A and herd B are connected because of the common sire, Sire 1, is used in both 
herds. Herds B and C are also connected because of the common sire, Sire 2. However, 
herds C and D are not connected since there is no common genetic link between them. 
Therefore, differences between EBVs of animals from herd B and C are estimable and 
comparable. However, EBVs of animals from herds C and D can not be compared with 
sufficient accuracy as the herds are disconnected. In fact, it is not always, necessary to 
have direct genetic links between herds. The connectedness can also occur due to indirect 
genetic links. In this example, herds A and C are also connected indirectly through herd 
B, because of Sires 1 and 2. This is true even if the herds contain animals that are not 
genetically related. For example, if the animals from herd C and herd D are tested in a 
test station, the herds C and D would be connected and that way all the four herds A, B, C 
and D would be connected. It is important to note that, connectedness is a statistical 
measure related to the ability to have estimable comparisons. Similar views have been 
expressed by Kennedy and Trus (1993) and Hanocq, et al., (1999). Genetic links are not 
absolutely necessary for connectedness to exist. Nevertheless, they are important and 
useful ways of increasing the degree of connectedness. 

 

 
 

Sire 1 Sire 2

Herd A Herd B Herd C Herd D

Figure 1: Connectedness among herds through common genetic links 
 
Degree of connectedness 
 
In a genetic evaluation model, it is possible to introduce estimability of differences 
between EBVs from different herds by treating the herd effects as random effects rather 
than as fixed effects. However, the main issue is the accuracy of comparisons even if the 
differences are estimable. The accuracy of such comparisons is affected by the degree of 
connectedness between the herds even if the herd effects are treated as random and the 
differences between them are estimable. Therefore, it is important and useful to refer to 
the degree of connectedness rather than connectedness and disconnectedness. Herds can 
be connected and differences between the EBVs can be estimable but if the level of 
connectedness is low, the accuracy of the comparisons will also be low such that it is not 
very different from that of completely disconnected herds. In fact, in a BLUP genetic 
evaluation model, connectedness between herds would occur through the genetic 
relationship matrix, genetic groups and several other fixed or random effects (Canon et 
al., 1992; Phocas and Laloë, 2004). However, it is the degree or magnitude of this 
connectedness that is important for accuracy of across herd comparisons. 
 
2. Measurement of connectedness 
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Prediction error variance of differences between EBVs  

he method of estimation depends upon the main objective of the use of the estimate. A 

PEVD = 

 
T
common objective in animal breeding is the accuracy of comparing EBVs of animals 
from different herds or contemporary groups. Therefore, logically an ideal measure 
should be based on the accuracy of EBVs within herds and accuracy of their differences 
across herds. The accuracy of an individual EBV is often measured as the prediction error 
variance which is the inverse element of the mixed model equations corresponding to the 
animal. The accuracy of the difference between EBVs of two individuals can be 
estimated as the prediction error variance of their difference (PEVD) as:  

 
)â2cov()âVar()âVar()ââVar( ijjiji −+=−  

  
e average accuracy of differences between EBVs of two individuals from different 

onnectedness Rating 

Th
herds would then be the average PEV of all pair wise differences between individuals 
from the different herds. However, computing this statistic in a large genetic evaluation 
program would involve several pairs of animals between one herd and the other and 
several possible pairs of herds. This can be extremely time consuming; therefore an easier 
method is required. 
 
C  

he EBV of an animal with its own record depends upon the deviation of its performance 

 
s a result, the average PEV over all comparisons tends towards the PEV of the 

 
T
from the estimate of the contemporary group or herd effect and other factors included in 
the genetic evaluation model. Therefore, the PEV of the difference between the EBVs of 
two animals in different herds or groups can be separated into two components: one 
associated with the animals and their relatives. This component depends upon the 
prediction error variance of each EBV, the degree of relationship between the two 
animals and covariances between animal and herd effects. The other component is 
associated with the herd effects themselves which includes variances of the estimates of 
the herd effects and the covariance between them. In calculation of the PEVD of animals 
in the two herds, the component associated with the herd effects remains the same for 
each comparison, while that associated with the animals and their relatives is different for 
each comparison and tends to cancel out over all comparisons as given in the following 
equation:  

VEDij  = )ĥĥVar(  )]â-âPEV( Average[ jijk'ik −≈ )ĥ2cov()ĥVar()ĥVar( ijji −+≅  

A
difference between estimates of the two herd effects. Therefore, the PEV of the 
difference between the herd effects can be used as a measure of the degree of 
connectedness between two herds. A simulation study by Kennedy and Trus (1993) 
suggested that this can be used as an effective estimate for measuring the degree of 
connectedness and there was a high correlation (0.995) between average PEVD and 
VED.  
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These variances and covariance, between estimates of herd effects can be used in the 
following form as Connectedness Rating (CR) to estimate of the degree of 
connectedness:  
 

  CR
h

h h
ij

ij

i j

=
cov( $ )

var( $ ) var( $ )
 (1) 

Where, var ( ),var ( ) and cov ( ) are the variances and covariances of estimates of 
the respective herd effects.  

$hi
$h j

$hij

 
Considered in this way, the CR seems similar to a correlation between the estimates of 
the herd effects, however, it is quite different from a simple product moment correlation.  
 
The estimation of CR would also involve computation of variances and covariances of 
the herd estimates. These require inverse elements of mixed model equations 
corresponding to the herd effects. It is difficult to obtain a direct inverse of the coefficient 
matrix of mixed model equations for these specific elements. Hence, the following 
procedure was used. According to the matrix theory, the product of a matrix with its 
inverse is an identity matrix. This is true for the coefficient matrix (w’w) of mixed model 
equations as well. 
 

w’w (w’w)-1 = I 
 

Therefore,  w’w (w’w)i
-1 = Ii 

where, 
w’w = coefficient matrix of mixed model equations, 
     I = identity matrix, 
     Ii = a vector of the identity matrix corresponding to contemporary group i (a 

vector with 1 for the contemporary group and zeros),  
(w’w)i

-1
 = a vector of inverse elements for the ith contemporary group. 

 
In an iterative procedure for solving the mixed model equations, appropriate sets of the 
vector Ii can be used to obtain inverse elements for a row or column of the corresponding 
herd effects of interest. Each of these vectors can then be in the form of a block of inverse 
elements containing variances and covariances among the herds of interest. In fact, the 
method can be used more generally to obtain inverse elements for specific rows without a 
full direct inverse.  
 
This computing algorithm and the estimate of Connectedness Rating were used for about 
100 herds participating in the Canadian Swine Improvement Program for the past seven 
years. It reflects the breeding and testing procedures used. The CR has been very 
effective in conveying the level of connectedness to the breeders and taking necessary 
steps to increase it to a more desired level. 
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Additional methods for estimating connectedness 
 
There are alternative methods for estimating connectedness either considering 
connectedness as a statistical measure or only as a measure of genetic links. Two 
methods for estimating connectedness were described and compared to the estimate of 
VED by Laloë et al (1996). These methods were: the squared correlation between 
prediction and true differences of genetic values (CD) and a connectedness index (IC) 
suggested by Foulley et al (1992) which is based on relative decrease in PEV when fixed 
effects are known. It is suggested that CD combines VED and genetic variability. In this 
way CD provides a combination of connectedness and genetic variability. The method 
can be useful for controlling the genetic variability, especially when there is an excessive 
use of a small group of sires leading to problems of inbreeding etc. However, if the 
primary objective is to get an estimate of the degree of connectedness and provide 
information to the herds to take necessary steps to increase the level of connectedness, it 
might be more useful to have an estimate like CR that would specifically measure the 
degree of connectedness. The issue of decrease in genetic variability is a common 
problem in dairy cattle and now in swine, due to the use of AI and availability of semen 
from genetically superior individuals internationally. It can be dealt with separately by 
providing more information on the effective progeny per sire, effective population size, 
level of inbreeding etc. 
 
In a study of test groups in beef cattle, Roso et al. (2004) used four different methods to 
estimate the degree of connectedness. The methods used included average prediction 
error variance of the difference between estimated breeding values (PEVD), variance of 
estimated differences between test group effects (VED), total number of direct genetic 
links (GLT) (Fries, 1998) and Connectedness Rating (CR). The results show that the 
average PEVD of each of the test groups with all others could be better predicted on the 
basis of CR or GLT. In the data set used for test groups in beef cattle, the GLT which is 
based on genetic links only, also gave adequate estimates of connectedness comparable to 
VED and CR. 
 
3. Program for calculating the Connectedness Rating (CR)  
 
A program for calculating CR available on CCSI website: www.ccsi.ca /connectedness 
This program is based on Animal Breeders Tool Kit (ABTK). The Animal Breeders Tool 
Kit is a set of programs mainly used for genetics evaluations using BLUP approach. 
These are a group of small programs that can be used for simple operations like matrix 
inversion, matrix multiplication and for building incidence matrices etc. These programs 
were originally developed for UNIX and Linux environments. They have been now 
converted into Windows programs for wider use (Mathur et al., 2002). The input to these 
programs is a coefficient matrix file, a file containing row numbers for herd effects and a 
file containing the herd identifications. The program outputs inverse of a block of the 
coefficient matrix and the Connectedness Ratings for each pair of herd effects.  
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4. Level of connectedness needed for across-herd genetic comparisons 
 
Very often the question is what level of connectedness is required for effective across 
herd comparisons. In a simplified approach, the magnitude of connectedness required 
depends upon the magnitude of accuracy desired. This can be determined based on a t test 
as follows: 

)ˆˆ(

dt α
ji hhVED −

<  

where, 
 
αt  = value of the Student-t statistic for the desired level of significance, α  

d = the average difference between EBVs that needs to be detected 
)ˆˆ( ji hhVED −  = variance of estimated difference between herds hi and hj

 
The relationship between Connectedness Rating and VED can be described as follows 
according to Mathur et al. (1998): 
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where,  =  residual variance for the trait, and σe
2

     ni and nj are the number of records in the management groups or herds. 
 
Defined in this way, the t statistic required to detect a significant difference d, at a 
probability level α is:  
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The required level of connectedness can be obtained by: 
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In this way the level of connectedness required depends upon the size of the herds or 
contemporary groups (ni and nj), level of significance (α), the average difference between 
EBVs that needs to be detected (d), and the residual varianceσ . e

2

 
If the herd sizes are equal (ni = nj = n): 
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The required Connectedness Rating is a function of the sample size, the level of 
significance and the difference to be detected expressed as a fraction of the residual 
standard deviation. 
 
Considering a typical situation in pig breeding, where the average index is standardized 
to a mean of 100 and standard deviation is 25 index points, it might be of interest to 
detect the differences greater than 5 index points i.e. about 20% of the standard deviation. 
Let us further assume that the level of significance required is P<0.05 and size of the 
contemporary groups from each of the two herds is 100. Then the level of connectedness 
should be greater than 48%. The magnitude of Connectedness Rating required depending 
upon the sample size (ni = nj = n) and difference to be detected expressed as percentage of 
the residual standard deviation assuming p < 0.05 is given in Figure 2. 
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Figure 2: Required levels of Connectedness Rating for different sample size and desired 

accuracy 

Journal of South China Agricultural University: Vol 26. Suppl.Oct. 2005. 61-68 



For more accurate comparisons where the difference to be detected is very small fraction 
of the standard deviation of the trait, a higher level of connectedness is required. This is 
particularly the case when the sample size is very small. 
 
A practical way of looking at the desired level of connectedness is examining the existing 
levels of connectedness between different pairs of herds and their effect on the standard 
error of difference between estimates of EBVs. The relationship between the 
Connectedness Ratings of these pairs and the standard error of difference (square root of 
VED) between the herd effects for the herds in a large population is given in Figure 3. 
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Figure 3: Relationship between standard error of the difference and Connectedness 

Rating for litter size 
 
The figure shows a nonlinear relationship between the two variables. The standard error 
of difference decreases as the Connectedness Rating increases. The Connectedness 
Rating is very low for many pairs of herds. The error is especially large when 
connectedness is below 5%. Therefore, this can be considered as the minimum level of 
connectedness required for reasonable across herd comparisons.   
 
Connectedness Rating and sample size 
 
Connectedness, because it is a statistical measure based on the accuracy of the estimates 
of the herd effects, depends on the herd size. The effect of herd size on connectedness is 
especially large when the size is less than 50 (Mathur et al., 2002).  As the sample size 
increases the level of connectedness depends more on the genetic links rather than the 
sample size. 
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5. Recommendations for increasing the level of connectedness 
 
One of the simplest ways to increase connectedness is to use common sires across herds 
and contemporary groups. The use of AI boars that have progeny in well connected herds 
can accelerate the rate of increase in connectedness. It is important to consider the 
number of progeny, the number of herds in which these progeny are found and a 
weighted connected rating over several herds (Mathur et al.,1998). Usually about 15% of 
progeny from well connected sires in a herd are enough to reach the minimum level of 
connectedness. One may also use young AI boars that do not have any progeny, provided 
they come from well connected herds.  
 
The use of central test stations where pigs from several herds are tested under common 
environmental and management conditions is also a useful way to increase 
connectedness, especially when there are very few genetic exchanges. 
 
It is also important to have sufficient size of the contemporary groups in which the EBVs 
have been calculated. If a contemporary group has less than 10 animals of the same 
breed, the accuracy of the EBVs is substantially lower. In practical circumstances, it is 
therefore important to have at least 10 pigs in each contemporary group or herd-year-
season class which is rather a base minimum. These 10 or more pigs should come from at 
least 3 different sires to have sufficient connectedness within herds and proper accuracy 
of the evaluations.  
 
In order to have a continuous stream of well-connected boars of sufficient genetic merit, 
it is necessary that breeders participating in the program make some of their superior 
genetics available or form a pool of superior AI boars. This type of participation allows 
the structure of a national breeding program similar to large nucleus with the possibility 
of good across herd genetic variability and connectedness. This will allow good across 
herd comparisons, availability of large selection differentials and more genetic progress.  
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