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ABSTRACT - This paper shows the Bayesian approach as an alternative to the classical analysis of nonlinear models
for ruminal degradation data. The data set was obtained from a Latin square experimental design, established for testing
the ruminal degradation of dry matter, crude protein and fiber in neutral detergent of three silages: elephant grass
(Pennisetum purpureum Schum) with bacterial inoculant or enzyme-bacterial inoculant and corn silage (Zea mays L.). The
incubation times were 0, 2, 6, 12, 24, 48, 72 and 96 hours. The parameter estimates of the equations fitted by both methods
showed small differences, but by the Bayesian approach it was possible to compare the estimates correctly, that does not
happen with the frequentist methodology because it is much more restricted in the applications due to the demand for a
larger number of presuppositions.
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Metodologia Bayesiana para comparação de parâmetros de modelos de
regressão não-linear: uma aplicação a dados de degradabilidade ruminal

RESUMO - Neste trabalho a abordagem Bayesiana é apresentada como alternativa à abordagem clássica na modelagem
não-linear de dados de degradação ruminal. Foram utilizados dados provenientes de um experimento em delineamento
quadrado latino para avaliar a degradabilidade da matéria seca, da proteína bruta e da fibra em detergente neutro de três
silagens: silagem de capim-elefante (Pennisetum purpureum Schum) com inoculante bacteriano, com inoculante enzimo-
bacteriano e silagem de milho (Zea mays L.), nos tempos de incubação: 0, 2, 6, 12, 24, 48, 72 e 96 horas. Obtidas as
estimativas dos parâmetros do modelo ajustado, pelos dois métodos, observou-se que não há diferenças marcantes entre
as mesmas para nenhuma das variáveis estudadas. No entanto, por meio da metodologia Bayesiana, foi possível comparar
as estimativas dos parâmetros para cada tratamento, o que não ocorre com a metodologia frequentista, por ser muito mais
restrita nas aplicações devido à exigência de maior número de pressuposições.

Palavras-chave: degradabilidade, inferência bayesiana, modelos não-lineares

Introduction

Non-linear models have been used to describe results
from experiments in many areas of animal and plant research.
These models are characterized by the fact that the least-
square estimates are biased, with non-normal distribution
and variances that exceed the tolerable minimum.  Many
authors have discussed and presented forms of measuring
the nonlinearity. Ratkowsky (1983, 1990) suggested using
methodology by Bates & Watts (1988) to measure the
nonlinearity curve, the Box bias to measure the error of the
estimates of the parameters and the Hougaard (g) asymmetry
measurements of the estimates of the parameters and the
re-parametrizations to ensure good fit of the model.

Inadequate analyses are found in the literature of
comparisons of nonlinear models, for example, those with
studies of ruminal degradability using the model proposed
by Mehez & Orskov (1977) to describe the phenomenon.
In these analyses multiple comparisons are made incorrectly,
because the assumptions are incoherent with the reality of
the data (Prado et al., 2004; Katsuki et al., 2006; Martins et al.,
2007; Carvalho et al., 2008, and others).

The Bayesian methodology, an alternative to the
frequentist, does not require assumption of normality of the
data set as a necessary condition and the inferences on the
parameters are made on their a posteriori distribution.
In this case, a model  is supposed for each data set and the
parameters of each model are compared based on their
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a posteriori distributions. In general, they produce more
accurate estimates, with greater representative unity for the
statistical models and have been shown to be easy to apply
and understand. It is a tool with great potential, because
it can consider the uncertainty of all the parameters of a
model or even enable the inclusion of past information,
by the use of a priori informative distributions that can
improve the accuracy of the results or predictions (Paulino
et al., 2003). Thus, a Bayesian approach is presented as an
alternative to the frequentist methodology, to compare the
parameters of a model proposed by Mehez & Orskov (1977)
applied to ruminal degradability data.

Material and Methods

A ruminal degradability experiment was carried out in
the Dairy Cattle Raising Sector on the Iguatemi Experimental
Farm (FEI), at Maringá State University, Paraná, Brazil.  The
ruminal degradability kinetics of three silages were
assessed: elephant grass (Pennisetum purpureum Schum)
with bacterial inoculant (Propiolact MS01); elephant grass
silage with enzyme-bacterial inoculant (Bacto Silo); and
corn silage (Zea mays L.).  The forages were ensiled in an
unlined trench silo, with a capacity of approximately 20 tons.

During the use of the silage in an animal performance
experiment (lactating cows) in a Latin square design, samples
were collected in different periods and then a compound
sample was made for each silage. Three Holstein breed
cows were used, average weight 520 kg, fistulated in the
rumen and kept in a feedlot throughout the experimental
period.

The corn variety used in silage production was AG
5011. The elephant grass, cv. Cameroon, was cut and
ensilaged 70 days after the standardizing cut, as
recommended by Vilela (1990). Two silos were made, one
with elephant grass silage with a bacterial inoculant and
another one with an enzyme bacterial inoculant.

The animals were adapted to the feeds over 15 days.
After this period, the bulks were incubated for four days in
the animals, that were fed twice a day, in the morning (8 a.m.)
and in the afternoon (4 p.m.). The following incubation
times were used: 0, 2, 6, 12, 24, 48, 72 and 96 hours, the time
zero corresponded to washing the bags in water, to determine
the soluble fraction. The nylon bags (ANKOM) used
measured 10 cm x 17 cm, with pores of approximately 53 μ.
A sample was placed in each bag of approximately 6.0 g
(base) previously ground in a 5mm sieve that was equivalent
to approximately 17 mg/cm2, as recommended in the
literature.  The samples, for all the incubation times, were

placed together in suspension in the rumen, with the bags
fastened to a 30 m nylon string, attached to the fistula lid and
anchored with a 0.5 kg weight at the end of the nylon string.
All the samples, in each time, were incubated in duplicate.

After removal, within each incubation time, the bags
were washed slightly in running water, placed in plastic
bags and frozen until all the others had been removed.
Finally, all the bags were washed in a washing machine for
five 10-minute cycles, together with the bags, representing
the time zero of incubation.  After washing, all the bags
were dried in a forced air chamber at 55 oC for 72 hours and
weighed to determine the disappearance of the dry matter
(DM) in the samples and residues.  The contents of crude
protein (CP) and neutral fiber detergent (NFD) were
determined following methodology reported by Silva &
Queiroz (2002).

The k values used in the effective degradability
calculation were 2, 5 and 8%/hour.  The rate of passage of
5%/hour corresponded to growing animals and animals
with milk production less than 15 kg/day, while that of
8%/hour was for cows with production higher than 15 L/milk/
day (ARC, 1984).

The data for nutrient disappearance were fitted by
nonlinear regression that predicted the potential
degradability (y = DP) of the foodstuffs by the model
proposed by Mehez & Orskov (1977), as follows:

[1]
where: i-animal : 1, 2, ... , N; j-time : 1, 2, ... , J; k-

treatment : 1, 2, ... , K;
yijk = percentage of the nutrient degraded of the animal

i in treatment k after time t (in hours);
aik = intercept of the curve or soluble fraction of the

material contained in the nylon bag;
bik = potentially degradable fraction of the material

contained in the nylon bag after time zero;
cik = constant fractional rate of degradation of the

potentially degradable fraction;
tj = incubation time in the rumen, in hours.
The model by Orskov & McDonald (1979) was used to

estimate the effective degradability:

[2]

where k* = rate of passage of solids in the rumen, whose
value was fixed at 5% per hour for growing animals with milk
production of less than 15 kg/day (ARC, 1984).

The estimates of the parameters were obtained by two
methods:

i) Frequentist the parameters of equation (1) were a
fitted by the Gauss-Newton algorithm using the NLIN
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procedure of the Statistics Analysis System program
(SAS, 2003). The asymmetry of the parameters was
assessed by the Hougaard(g) asymmetry coefficient,
whose reference for non-linearity is 0.1 < |g| < 0.25, according
to Ratkowsky (1990) and the effective degradability (ED)
was calculated by (2) considering the estimates of the
parameters;

ii) Bayesian (Described in Table 1): it was considered
that the observations followed normal multivariate
distribution because they were correlated in time, and
that is, Yijk ~ NMV (μk; Σk), where Σk is the covariance
matrix.  For parameters a and b, a priori non-informative
normal distributions were considered, that is, a, b ~
N(0;103)I(0,100) restricted to the interval (0,100) and for c,
the gama distribution, also non-informative restricted to

the interval (0,1), that is: c ~ Gama(102; 103)I(0,1).
The inverted wishart distribution was assumed for the
Σk matrix, that is, Σk ~ IW(Rk,J) com Rk=IJ=I8 (matrix
scale J=8).  The a posteriori marginal distributions were
obtained for the parameters by the WinBUGS program,
1.4.2 version (Spiegelhalter et al., 1994).  For each parameter,
500,000 values were generated in an MCMC (Monte Carlo
Markov Chain) process, considering a sample discard
period of 5,000 initial values.  The final sample was taken
with steps of 200, that is, at every 200 values generated, one
was taken to belong to the sample, with 2,500 values
generated.  The convergence of the chains was verified by
the CODA program (Best et al., 1995) and by the Geweke
(1992) and Heidelberger & Welch (1983) criteria. The multiple
comparisons procedure was based on the a posteriori

Table 1 - Bayesian modeling by the WinBUGS program 

# Structure of the model 
model; 
 { 
 for (k in 1:K) 
   { 
     a[k] ~ dnorm(0.0, 0.001)I(0,100) 
     b[k] ~ dnorm(0.0, 0.001)I(0,100) 
                 c[k] ~ dgamma(0.01,0.001)I(0,1) 
               de[k] <- a[k] + (b[k]*c[k])/(c[k] + taxa) 
               for (j in 1:J) 
                  {  mu[k,j] <- a[k] + b[k]*(1 - exp( -c[k]*t[j] ))  } 
     } 
      for (i in 1:N) 
                  { 
                    y1[i, 1:J] ~ dmnorm(mu[1,], Omega1[ , ]) 
                    y2[i, 1:J] ~ dmnorm(mu[2,], Omega2[ , ]) 
         y3[i, 1:J] ~ dmnorm(mu[3,], Omega3[ , ])  }           
       Omega1[1 : J , 1 : J]  ~ dwish(R1[ , ], 8)  
   Omega2[1 : J , 1 : J]  ~ dwish(R2[ , ], 8) 
   Omega3[1 : J , 1 : J]  ~ dwish(R3[ , ], 8) 
    Sigma1[1 : J , 1 : J] <- inverse(Omega1[ , ]) 
    Sigma2[1 : J , 1 : J] <- inverse(Omega2[ , ]) 
    Sigma3[1 : J , 1 : J] <- inverse(Omega3[ , ]) 
 # multiple comparisons 
    a12 <- a[1]-a[2] 
    a13 <- a[1]-a[3] 
    a23 <- a[2]-a[3] 
                b12 <- b[1]-b[2] 
                b13 <- b[1]-b[3]  
                b23 <- b[2]-b[3] 
                c12 <- c[1]-c[2] 
                c13 <- c[1]-c[3] 
                c23 <- c[2]-c[3] 
              de12 <- de[1]-de[2] 
              de13 <- de[1]-de[3] 
              de23 <- de[2]-de[3] 
 } 

 #  Structure of the data 
  list(N = 3, J = 8, K = 3, taxa = 0.05, 
  y1 = structure( 
  .Data=c(data of treatment 1),.Dim = c(3, 8)), 
  y2 = structure( 
  .Data = c( data of treatment 2),.Dim = c(3, 8)), 
  y3 = structure( 
  .Data = c( data of treatment 3),.Dim = c(3, 8)), 
  t = c(0, 2, 6, 12, 24, 48, 72, 96),   
 R1 = structure(.Data = c(1, 0, 0, 0, 0, 0, 0, 0, 
                                    0, 1, 0, 0, 0, 0, 0, 0, 
       0, 0, 1, 0, 0, 0, 0, 0, 
       0, 0, 0, 1, 0, 0, 0, 0, 
       0, 0, 0, 0, 1, 0, 0, 0, 
       0, 0, 0, 0, 0, 1, 0, 0, 
       0, 0, 0, 0, 0, 0, 1, 0, 
       0, 0, 0, 0, 0, 0, 0, 1),  
                   .Dim = c(8, 8)), 
 R2 = structure(.Data = c(1, 0, 0, 0, 0, 0, 0, 0, 
      0, 1, 0, 0, 0, 0, 0, 0, 
      0, 0, 1, 0, 0, 0, 0, 0, 
      0, 0, 0, 1, 0, 0, 0, 0, 
      0, 0, 0, 0, 1, 0, 0, 0, 
      0, 0, 0, 0, 0, 1, 0, 0, 
      0, 0, 0, 0, 0, 0, 1, 0, 
      0, 0, 0, 0, 0, 0, 0, 1),  
       .Dim = c(8, 8)), 
 R3 = structure(.Data = c(1, 0, 0, 0, 0, 0, 0, 0, 
      0, 1, 0, 0, 0, 0, 0, 0, 
      0, 0, 1, 0, 0, 0, 0, 0, 
      0, 0, 0, 1, 0, 0, 0, 0, 
      0, 0, 0, 0, 1, 0, 0, 0, 
      0, 0, 0, 0, 0, 1, 0, 0, 
      0, 0, 0, 0, 0, 0, 1, 0, 
      0, 0, 0, 0, 0, 0, 0, 1),  
       .Dim = c(8, 8))) 
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samples of the estimates of the parameters of the curves.
Significant differences were considered at the level of 5%
between the treatments if the zero value was not contained
in the credibility interval of the contrast desired.

Results and Discussion

The estimates of parameters b and c in equation (1)
presented apparent symmetry for the bacterial inoculate
(SCE-IBC) (Propiolact MS01), elephant grass with enzyme-
bacterial inculant (SCE-IEZ) (Bacto Silo) and corn silage
(SMI) (Zea mays L.), respectively, that indicated non-linear
performances of these parameters.

To use analysis of variance to make multiple
comparisons of parameter estimates, the estimates need
to be modeled following a linear model, with assumptions
that should be met, including the normality of the
estimates of these parameters.  Generally, this assumption
cannot be verified, that prevents the use of the frequentist
ANOVA.

There were no marked differences among the estimates
of the parameters obtained by the two methods for any of
the variables studied.  However, the Bayesian methodology
allowed comparison of the estimates of the parameters for

the different treatments but these comparisons could not be
made by the frequentist methodology, as already reported.

The a parameter estimates (Table 2) for corn silage
differed from the estimates of the other treatments  (the
zero value was not contained in the credibility interval).
The same occurred for the  b parameter estimates.  The c
parameter estimates differed only between the elephant grass
with enzyme bacterial inoculation and the corn silage. The
effective degradability (DE) estimate for the corn silage
(SMI) was significantly greater than those calculated for the
elephant grass silages (SCE-IBC e SCE-IEZ).

The corn silage presented greater total degradability,
while the elephant grass silages were similar.

The a parameter estimates differed among the silages
(Table 3).  The b parameter estimates differed between the
corn silage and the elephant grass silages, while the c
parameter estimates differed only among the elephant
grass silages.  The effective degradability estimate of the
elephant grass silage with bacterial inoculant was lower
than those calculated for the other silages.

The corn silage differed from the others regarding the
a parameter estimates (Table 4). The b and c parameter
estimates did not differ among the silages, even for the
effective degradability.

T1: SCE-IBC a 18.67 (1.426) -0.0327 19.76 (1.442) 16.93 19.770 22.62
T2: SCE-IEZ 19.27 (2.003) -0.0423 19.24 (1.781) 15.75 19.220 22.90
T3: SMI 44.45 (1.087) -0.0364 45.69 (1.014) 43.69 45.710 47.67
T1 – T2 0.514 (2.282) -3.921 0.515 4.856
T1 – T3

* -25.930 (1.752) -29.37 -25.98 -22.38
T2 – T3

* -26.450 (2.026) -30.37 -26.43 -22.47
T1: SCE-IBC b 53.12 (2.594) 0 .2920 55.72 (6.847) 45.59 54.46 73.24
T2: SCE-IEZ 61.69 (4.820) 0 .7307 65.44 (6.789) 54.56 64.68 79.97
T3: SMI 41.87 (3.685) 0 .9689 41.05 (3.473) 35.91 40.51 49.18
T1 – T2 -9.725 (9.507) -27.2 -9.874 10.35
T1 – T3

* 14.66 (7.647) 2.179 13.65 33.13
T2 – T3

* 24.39 (7.427) 11.5 23.92 39.95
T1: SCE-IBC c 0.030 (0.004) 0 .1940 0.026560 (0.00944) 0.01282 0.02508 0.0504
T2: SCE-IEZ 0.025 (0.005) 0 .2275 0.021690 (0.00561) 0.01285 0.02110 0.0342
T3: SMI 0.020 (0.004) 0 .1771 0.021430 (0.00416) 0.01330 0.02135 0.0302
T1 – T2 0.004876 (0.01095) -0.01441 0.00380 0.0298
T1 – T3 0.005128 (0.01018) -0.01148 0.00401 0.0287
T2 – T3

* 0.000252 (0.00672) -0.01190 -0.000124 -0.00013
T1: SCE-IBC DE 38.84 38.15 (1.896) 34.86 37.97 42.68
T2: SCE-IEZ 39.89 38.49 (1.867) 35.07 38.41 42.51
T3: SMI 56.67 57.79 (0.9959) 55.78 57.81 59.78
T1 – T2 -0.3413 (2.629) -5.47 -0.3698 4.79
T1 – T3

* -19.64 (2.143) -23.39 -19.76 -14.81
T2 – T3

* -19.3 (2.098) -23.21 -19.37 -15.06

* Significant difference at 5%. T1: SCE-IBC = elephant grass silage with bacterial inoculant; T2: SCE-IEZ elephant grass silage with enzyme bacterial inoculate and
T3: SMI - corn silage; e.m.v. (e.p.) = maximum likelihood estimates (standard error); g = hougaard asymmetry coefficient; p2.5% and p97.5% = upper and lower limits,
respectively, of the credibility interval.

Estimate

I tem Parameter Frequentist Bayesian

e.m.v. (e.p.) g Mean (e.p.) p2.5% Median p97.5%

Table 2 - Frequentist and Bayesian estimates for the parameters of the model and the effective dry matter degradability
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Estimate

I tem Parameter Frequentist Bayesian

e.m.v. (e.p.) g Mean (e.p.) p2.5% Median p97.5%

T1: SCE-IBC a 26.73 (2.40) -0.0577 26.09 (2.591) 20.50 26.22 30.85
T2: SCE-IEZ 48.16 (1.58) -0.0541 48.58 (1.062) 46.33 48.61 50.69
T3: SMI 51.80 (1.23) -0.0524 51.84 (0.807) 50.16 51.86 53.51
T1 – T2

* -22.49 (2.776) -28.41 -22.41 -17.29
T1 – T3

* -25.76 (2.705) -31.54 -25.64 -20.79
T2 – T3

* -3.26 (1.314) -5.94 -3.24 -0.68
T1: SCE-IBC b 45.46 (3.29) 0 .0762 43.90 (3.185) 38.02 43.70 50.77
T2: SCE-IEZ 37.44 (3.50) 0 .8003 41.33 (5.431) 34.07 40.05 54.84
T3: SMI 28.63 (2.21) 0 .4461 28.98 (1.675) 26.05 28.87 32.40
T1 – T2 2.58 (6.365) -12.00 3.41 12.52
T1 – T3

* 14.93 (3.600) 8.31 14.74 22.57
T2 – T3

* 12.35 (5.716) 3.73 11.27 26.68
T1: SCE-IBC c 0.042 (0.009) 0 .4022 0.04590 (0.013140) 0.023630 0.04467 0.07654
T2: SCE-IEZ 0.026 (0.007) 0 .2986 0.01893 (0.005685) 0.009198 0.01854 0.03123
T3: SMI 0.031 (0.007) 0 .3126 0.02956 (0.005007) 0.019070 0.02970 0.03905
T1 – T2

* 0.02697 (0.014090) 0.002822 0.02563 0.05829
T1 – T3 0.01634 (0.014000) -0.007327 0.01494 0.04799
T2 – T3 -0.01062 (0.00765) -0.024660 -0.01083 0.00516
T1: SCE-IBC DE 47.60 46.71 (1.713) 43.45 46.65 50.32
T2: SCE-IEZ 61.13 59.46 (1.067) 57.43 59.44 61.63
T3: SMI 63.74 62.50 (1.055) 60.26 62.57 64.48
T1 – T2

* -12.75 (2.007) -16.67 -12.82 -8.67
T1 – T3

* -15.78 (2.024) -19.63 -15.88 -11.51
T2 – T3 -3.03 (1.496) -5.91 -3.04 0.17

* Significant difference at 5%. T1: SCE-IBC = elephant grass silage with bacterial inoculant; T2: SCE-IEZ elephant grass silage with enzyme bacterial inoculate and
T3: SMI - corn silage; e.m.v. (e.p.) = maximum likelihood estimates (standard error); g = Hougaard asymmetry coefficient; p2.5% and p97.5% = upper and lower limits,
respectively, of the credibility interval.

Table 3 - Frequentist estimates and estimates of the parameters of the model and the crude protein effective degradability

* Significant difference at 5%. T1: SCE-IBC = elephant grass silage with bacterial inoculant; T2: SCE-IEZ elephant grass silage with enzyme bacterial inoculate and
T3: SMI - corn silage; e.m.v. (e.p.) = maximum likelihood estimates (standard error); g = Hougaard asymmetry coefficient; p2.5% and p97.5% = upper and lower limits,
respectively, of the credibility interval.

Estimate

I tem Parameter Frequentist Bayesian

e.m.v. (e.p.) g Mean (e.p.) p2.5% Median p97.5%

T1: SCE-IBC a 1.26 (1.305) -0.0369 2.008 (1.440) -0.972 2.053 4.780
T2: SCE-IEZ -0.64 (1.702) -0.0445 -0.882 (1.678) -4.220 -0.820 2.488
T3: SMI 6.69 (0.894) -0.0395 7.356 (0.821) 5.660 7.363 9.050
T1 – T2 2.890 (2.180) -1.457 2.890 7.046
T1 – T3

* -5.348 (1.643) -8.608 -5.310 -2.182
T2 – T3

* -8.238 (1.869) -12.020 -8.182 -4.693
T1: SCE-IBC b 43.62 (2.485) 0 .3803 47.33 (7.937) 37.50 45.34 70.25
T2: SCE-IEZ 50.73 (4.412) 0 .8615 56.05 (7.043) 45.50 55.06 72.71
T3: SMI 35.89 (5.202) 1 .5796 37.05 (5.870) 29.67 35.85 54.36
T1 – T2 -8.724 (10.26) -27.85 -9.64 15.87
T1 – T3 10.28 (9.90) -9.31 9.47 34.54
T2 – T3 19.00 (9.10) -0.09 18.75 38.41
T1: SCE-IBC c 0.029 (0.005) 0 .2150 0.02452 (0.00988) 0.00952 0.02324 0.04795
T2: SCE-IEZ 0.024 (0.006) 0 .2335 0.01936 (0.00576) 0.01017 0.01865 0.03282
T3: SMI 0.016 (0.004) 0 .1664 0.01511 (0.00379) 0.00757 0.01506 0.02311
T1 – T2 0.00516 (0.01114) -0.0153 0.00477 0.03097
T1 – T3 0.00940 (0.01057) -0.0072 0.00814 0.03293
T2 – T3 0.00425 (0.00686) -0.0078 0.00392 0.01875
T1: SCE-IBC DE 17.44 16.52 (1.542) 13.70 16.44 19.76
T2: SCE-IEZ 15.81 14.17 (1.701) 11.04 14.07 17.81
T3: SMI 15.23 15.62 (0.684) 14.22 15.62 16.97
T1 – T2 2.349 (2.269) -2.138 2.362 6.90
T1 – T3 0.892 (1.704) -2.225 0.809 4.56
T2 – T3 -1.458 (1.833) -4.947 -1.52 2.34

Table 4 - Frequentist estimates and estimates of the parameters of the model and the effective degradability of neutral detergent fiber
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Conclusions

The Bayesian methodology can be applied without
restriction to data of this nature.  For the data in the present
study, the estimates did not differ for the non-linear curve
parameters for either method.  However, when using the
Bayesian methodology it is possible to proceed to the
comparisons among these parameters, considering the
different factors of an experiment coherently, bearing in
mind their a posteriori  distribution, without having to
resort, for example, to asymptotic procedures and incoherent
results through frequentist theories.
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