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In the present study, neural networks (NN) were developed to investigate the responses (average daily gain [ADG] and
feed efficiency [FE]) of broiler chicks to protein and two amino acids (AA), namely methionine (Met) and tryptophan
(Trp). Separate NN models were constructed for responses to protein and Met and protein and Trp. Comparisons
between NN and response surface models revealed higher accuracy of prediction with the NN models. The relative
importance of the input variables (protein and AA) on model output (ADG and FE) was assessed using a sensitivity
analysis technique. Results indicated that dietary protein is a more important variable than AA (Met and Trp). Optimal
values of the input variables (protein and AA) required to maximize ADG and FE in were obtained by subjecting all
constructed NN to an optimization algorithm. The optimization algorithm for the protein and Met response models
revealed that diets containing 216 g/kg of protein and 5.45 g/kg of Met lead to maximum ADG, whereas maximum FE
is achieved with diets containing 222.6 and 5.85 g/kg of protein and Met, respectively. The optimization algorithm for
protein and Trp responses showed that 234 g/kg of protein and 2.6 g/kg of Trp in the diet lead to maximum ADG, while
maximum FE is achieved with diets containing 240 g/kg of protein and 3.1 g/kg Trp. The optimization results therefore
suggest that protein and AA requirements for maximum FE are higher than for maximum ADG.

Keywords: methionine; tryptophan; protein; neural networks; sensitivity analysis; optimization

1. Introduction

Methionine (Met) is an amino acid (AA) of crucial
importance in commercial poultry diets, as it is typically
the first-limiting AA. Tryptophan (Trp) is the third or
fourth limiting AA, after Met and lysine, in most diets
composed of corn and soybean or peanut meal for broiler
chickens (Rosa et al. 2001). Determining the AA
requirement for growth is affected by many complex
responses other than dietary AA balance for protein
synthesis. However, the level of dietary protein is one of
the most important factors affecting the requirements of
chickens for AA (Abebe & Morris 1990; Garcia Neto
et al. 2000).

Combination of mathematical modeling and the
continuous stream of information on AA responses in
broiler chickens can lead to advances in understanding
and more precise determination of the requirements of
these birds. In this regard, the use of nonlinear data
mining tools such as neural networks (NN), due to their
practicality and successful application in several areas of
poultry nutrition (Faridi & Golian 2011; Faridi et al.
2011), has much to offer. NN present a relatively new
class of computing systems inspired by the biological
structure of the human brain. On the basis of NN models

ability to “learn” from examples, very complex and
analytically unknown dependencies between input and
output patterns can be estimated (Gabrijel & Dobnikar
2003). The objectives of this study were to: (1) develop
separate NN models to predict the responses (average
daily gain [ADG] and feed efficiency [FE]) of broiler
chicks to protein and Met and protein and Trp; (2)
determine the relative importance of protein and these
two limiting AA on ADG and FE using sensitivity
analysis; (3) find the optimum level of dietary protein
and AA required to maximize ADG and FE of chicks;
and (4) compare the predictive ability of NN models
with response surface (RS) models.

2. Material and methods

2.1. Description of the data-sets

The necessary information for developing the models
was obtained from published papers, so Animal Care and
Use Committee approval was not necessary for this
study. Two data-sets, containing 40 dose-response treat-
ments apiece for Met (Morris et al. 1992) and Trp
(Abebe & Morris 1990) were extracted from the literat-
ure, and subsequently used for training and testing the
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NN. Description of the data used to develop NN models
for ADG and FE of broiler chicks in response to protein
and AA is summarized in Table 1.

2.2. Neural network model development

NN architectures have been discussed in detail in the
literature (Basheer & Hajmeer 2000). Determining an
appropriate network topology is one of the most critical
tasks in NN model development. The NN topology is
determined by size, synaptic connection weights, and the
hidden-units activation function (Andrews et al. 2008).
In our study, separate feed forward multilayer percep-
trons, with two input variables each, were employed to
predict ADG and FE in chicks during starting period.
Variables of interest in the ADG and FE prediction
models were the same and comprised protein and Met
and protein and Trp. In all models developed, the
hyperbolic tangent was used as an activation function
and quasi-Newton was used as a training algorithm. The
data-set for each AA was divided into a training set
(n = 28 data lines) and a testing set (n = 12). The training
set was used to adjust the connection weights, whereas
the test set was used to assess performance. The range of
data used to develop the NN models is summarized in
Table 2. The Statistica Neural Networks software version
8.0 was used to construct and train the NN (StatSoft
2009). Quantitative examination of the predictive ability
of both models was made by R2, mean square (MS)
error, and bias.

2.3. Sensitivity analysis

A sensitivity analysis technique indicates the input
variables considered the most important in model
developed. In our study, the missing value problem
method was applied to determine the relative importance
of the input variables (protein and AA) to model output
(ADG and FE). In this method, each input variable is
replaced in turn with missing values and the effect upon
the output error, named the variable sensitivity error
(VSE), is assessed. By the same token, the variable
sensitivity ratio (VSR) is a relative indication of the ratio
between the VSE and the error in the model developed
when all the variables are available (Hunter et al. 2000).
The more important variable is matched with the higher
VSR (Lou & Nakai 2001; Faridi & Golian 2011).

2.4. Model optimization

Optimization is defined as finding a set of values for the
input variables for which the predictive model yield the
desired response. Therefore, optimized ADG and FE
models describe the levels of dietary protein and AA
required for maximum ADG and FE. The random search
method, a common optimization method provided in
Statistica (StatSoft 2009), was applied to the models
developed. In this method, iterative random samples of
the input variables are taken and the model predictions
computed and compared with the best values found from
previous iterations. If the newly found values are better
than the previous ones, the new results are stored. This
process is repeated until the end of the iterations is

Table 1. Description of the data used to develop neural network and response surface models.

Amount (g/kg of diet) ADG (g/bird per day) FE (g gain/g feed intake)

Modela Protein Amino acidb Min Max Mean ± SD Min Max Mean ± SD

Methionine 140 2.95, 3.16, 3.37, 3.58, 3.79 15.2 19.6 17.8 ± 1.75 0.43 0.51 0.48 ± 0.033
160 3.38, 3.62, 3.86, 4.1, 4.34 18 21.4 20.1 ± 1.43 0.45 0.52 0.5 ± 0.028
180 3.8, 4.07, 4.34, 4.61, 4.88 18.9 21.5 20.74 ± 1 0.5 0.57 0.55 ± 0.026
200 4.22, 4.52, 4.82, 5.12, 5.42 21.5 23.3 22.8 ± 0.73 0.58 0.6 0.59 ± 0.01
220 4.31, 4.64, 4.97, 5.3, 5.63 20.7 24.1 22.8 ± 1.42 0.53 0.62 0.58 ± 0.04
240 4.7, 5.06, 5.42, 5.78, 6.14 20.9 23.4 22.54 ± 1.05 0.57 0.61 0.59 ± 0.015
260 5.1, 5.49, 5.88, 6.27, 6.66 20.3 23.5 22.5 ± 1.3 0.56 0.62 0.6 ± 0.023
280 5.5, 5.9, 6.33, 6.75, 7.17 21.4 23.6 23 ± 0.93 0.58 0.63 0.6 ± 0.018

Tryptophan 160 1.2, 1.44, 1.68, 1.92, 2.16 12 16.2 14.78 ± 1.76 0.47 0.55 0.52 ± 0.032
180 1.35, 1.62, 1.9, 2.16, 2.43 13.2 18.4 16.28 ± 2.12 0.48 0.58 0.55 ± 0.04
200 1.5, 1.8, 2.1, 2.4, 2.7 14 18.9 17.38 ± 2.04 0.51 0.6 0.57 ± 0.034
220 1.65, 1.98, 2.31, 2.64, 2.97 15.7 19 18.22 ± 1.4 0.55 0.63 0.6 ± 0.035
240 1.8, 2.16, 2.52, 2.9, 3.24 15.6 20.3 18.82 ± 1.9 0.55 0.63 0.61 ± 0.036
260 1.95, 2.34, 2.73, 3.12, 3.51 17.6 20.2 19.58 ± 1.1 0.59 0.65 0.63 ± 0.028
280 2.1, 2.52, 2.94, 3.36, 3.78 19 20.4 19.94 ± 0.56 0.61 0.66 0.64 ± 0.021
300 2.25, 2.7, 3.15, 3.6, 4.05 18.7 20 19.64 ± 0.55 0.6 0.65 0.63 ± 0.02

Note: ADG, average daily gain; FE, feed efficiency.
aMethionine model (data from Morris et al. 1992; covers days 4–18 of age) and tryptophan model (data from Abebe and Morris 1990; covers days
4–18 of age).
bThe amino acid is the same in the model.
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reached. The random search should be confined to the
data range within which the models were developed;
otherwise it may lead to unreliable results.

2.5. RS model

Prediction ability of the NN models was compared to
that of RS models. The RS methodology is a collection
of statistical techniques for designing experiments,
building models, and evaluating the effects of factors.
ADG and FE were the investigated response functions,
which were described using an empirical equation. The
equation is as follows (Lou & Nakai 2001):

y ¼ a0 þ
Xk

i¼1

aixi þ
X

i<j

X
aijxixj þ

Xk

i¼1

aiix
2
i þ e

where xi and xj are the input variables (protein and AA)
which influence the response of interest (y; ADG and

FE), k is the number of input variables (k = 2), the
coefficients a0, ai, aij, and aii are the model parameters
estimated by a multiple linear regression analysis using
the least-squares method in the JMP® statistical software
(JMP 2007), and ε is the residual associated with the
experiment. The RS models were developed on the same
training set (n = 28) used to develop the NN models, and
the testing set (n = 12) was used to evaluate their
performance.

3. Results

The RS equations developed for ADG and FE are shown
in Table 3, while the goodness of fit statistics for the NN
and RS models developed are shown in Tables 4 and 5,
respectively. The NN models could accurately (R2 > 0.90)
predict ADG and FE in the testing data-sets, which were
not used during the training processes. This is evidence

Table 2. Ranges for the data used to develop the neural network and response surface models for broiler chicks’ responses to protein
and amino acids (Met and Trp).

Methionine Tryptophan

Entity Min Max Mean ± SD Min Max Mean ± SD

Protein (g/kg of diet) 140 280 210 ± 46.4 160 300 230 ± 46.4
Amino acid (g/kg of diet) 2.95 7.17 4.87 ± 1.05 1.2 4.05 2.41 ± 0.7
ADG (g/bird per day) 15.2 24.1 21.5 ± 2.1 12 20.4 18.8 ± 2.22
FE (g gain/g feed intake) 0.436 0.631 0.57 ± 0.052 0.473 0.661 0.6 ± 0.05

ADG, average daily gain; FE, feed efficiency.

Table 3. Response surface models to predict average daily gain (ADG) and feed efficiency (FE) in response to protein and amino acids
(Met and Trp).

Methionine YADG ¼ �8.365þ 0.06x1 þ 8.27x2 þ 0.08x1x2 � 0.0011x21 � 2.43x22
YFE ¼ �0.0464þ 0.0022x1 þ 0.12x2 þ 0.0012x1x2 � 0.000018x21 � 0.035x22

Tryptophan YADG ¼ �6.342þ 0.0961x1 þ 8.39x3 þ 0.033x1x3 � 0.000353x21 � 2.77x23
YFE ¼ 0.013þ 0.0024x1 þ 0.18x3 þ 0.00068x1x3 � 0.0000078x21 � 0.059x23

Note: x1, x2, and x3 denote protein, Met, and Trp, respectively.

Table 4. Statistics and information on neural network models developed for response of broiler chicks to protein and amino acids (Met
and Trp).

Methionine Tryptophan

ADG FE ADG FE

Entity Training Testing Training Testing Training Testing Training Testing

Statistics
R2 0.94 0.987 0.97 0.981 0.98 0.98 0.97 0.99
MS error 0.234 0.181 0.00007 0.0001 0.09 0.133 7 × 10−5 0
Bias −0.008 0.15 0.002 0.001 −0.009 0.037 −7 × 10−5 0
Information
Type of network Three-layer perceptron
Training algorithm Quasi-Newton
No. of hidden neuron 5 5 5 5
No. of data lines 28 12 28 12 28 12 28 12

ADG, average daily gain; FE, feed efficiency.
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that overlearning did not occur with these models.
Although performance of the RS models was acceptable,
comparisons showed higher accuracy of prediction for the
NN. Comparisons between experimental broiler chick
response (ADG and FE) and NN-predicted response to
Met and Trp are shown in Figures 1 and 2, respectively.

The NN models developed were subjected to a
sensitivity analysis test to determine the relative signi-
ficance of the input variables and their rank in order of

importance. Relative importance of the input variables
was determined using the VSE and VSR values. In all
the models developed, the level of dietary protein was
the most influential input variable affecting ADG and
FE of broiler chicks. The VSR obtained for the model
output (ADG and FE), with respect to dietary levels of
protein and AA, are shown in Table 6.

Optimization of NN helps to address the question of
what levels of dietary protein and AA lead to maximum

Table 5. Statistics and information on response surface models developed for response of broiler chicks to protein and amino acids
(Met and Trp).

Methionine Tryptophan

ADG FE ADG FE

Entity Training Testing Training Testing Training Testing Training Testing

Statistics
R2 0.87 0.94 0.83 0.90 0.92 0.93 0.93 0.97
MS error 2.9 2.5 0.0004 0.0004 0.29 0.46 0.0001 0.00006
Bias −1.5 −1.16 −0.009 −0.0044 −0.09 −0.14 0.0057 0
Information
Training algorithm Least-squares method
No. of data lines 28 12 28 12 28 12 28 12

ADG, average daily gain; FE, feed efficiency.
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Figure 1. Comparison between predicted and observed average
daily gain (ADG; a) and feed efficiency (FE; b) in response to
protein and Met for the neural network models developed.
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Figure 2. Comparison between predicted and observed average
daily gain (ADG; a) and feed efficiency (FE; b) in response to
protein and Trp for the neural network models developed.
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ADG and FE. The optimization results for all the NN
models developed for response to protein and AA are
summarized in Table 7. The optimization results for
protein and Met show that maximum ADG (23.44 g/bird
per day) and FE (0.61 g gain/g feed intake) were achieved
with diets contained 216 and 222.6 g/kg of protein and
5.45 and 5.85 g/kg of Met, respectively. Optimization for
protein and Trp revealed that diets containing 234 g/kg of
protein and 2.6 g/kg of Trp lead to maximum ADG (19.7
g/bird per day), whereas maximum FE (0.64 g gain/g feed
intake) was achieved with diets containing 240 g/kg of
protein and 3.1 g/kg of Trp.

4. Discussion

The present study was designed to investigate the
responses (ADG and FE) of broiler chicks to protein
and limiting AA through NN. Separate NN models were
developed and compared with RS models in terms of
predictive accuracy. High values of R2 indicated that the

relationships between dietary nutrients and broiler chick
responses were well represented by the NN and RS
models developed, though accuracy of the NN predic-
tions was higher in both the training and the testing sets
(Tables 4 and 5). Nonlinearity of response of broiler
chicks to dietary nutrients made NN models, as nonlinear
approximators, more efficient and accurate. In building
NN, a key design decision is the number of layers and
the corresponding neurons in each layer. It has been
shown that NN models with one hidden layer will
predict any continuous function (Cybenko 1989), there-
fore all NN developed here had one hidden layer, while
the number of hidden neurons was selected based on the
predictive performance of the models.

In this study, sensitivity analysis was used to deter-
mine how different values of an independent variable
impact a particular dependent variable. Moreover, vari-
ables that can be ignored in the analysis (VSR ≤ 1) can be
identified as well as variables that must be retained (VSR
≥ 1). The greater the VSR value, the more important is the
input variable. Studies designed to evaluate the effect of
protein and limiting AA on broiler performance (Garcia
Neto et al. 2000; Si et al. 2004) are in agreement with
results obtained here (VSR ≥ 1; Table 6). The overall
values of VSR indicated that in all NN the responses of
broiler chicks were more sensitive to dietary protein than
to dietary AA. After analyzing 55 experiments, Pesti
(2009) concluded that dietary protein is a very significant
contributor to variation in both broiler ADG and FE, even
when purified AA are added to lower the protein level of
the diet.

Optimization is another goal in developing NN. The
purpose of optimizing is to maximize or minimize some of
the output variables by finding a set of design parameters
that the aforementioned variables (model output) are
dependent upon. In this paper, the objectives of optimiza-
tion were to find the optimal levels of dietary protein and
AA that maximize the ADG and FE responses. The
optimization algorithm showed that Met required for
optimum ADG and FE is a fixed percentage of dietary
protein (2.5%). In agreement with these results, Morris
et al. (1992) concluded that Met concentration in chick

Table 6. Sensitivity analysis for input variables in the neural
network models for average daily gain (ADG) and feed
efficiency (FE) in response to protein and amino acids (Met
and Trp).

Input variables

Model Protein (g/kg of diet) Amino acid (g/kg of diet)

Protein and methionine
ADG
VSR 40.14 8.18
Rank 1 2
FE
VSR 34 20.18
Rank 1 2
Protein and tryptophan
ADG
VSR 29.1 7
Rank 1 2
FE
VSR 16.2 9.4
Rank 1 2

VSR, variable sensitivity ratio.

Table 7. Optimization of the neural network models to achieve maximum average daily gain (ADG) and feed efficiency (FE) in
response to protein and amino acid (Met and Trp).

Optimal value of input variable

Model Protein (g/kg of diet) Amino acid (g/kg of diet) Predicted output variable at optimal point

Protein and methionine
ADG 216 5.45 Maximum ADG = 23.44 g/bird per day
FE 222.6 5.85 Maximum FE = 0.61 g gain/g feed intake
Protein and tryptophan
ADG 234 2.6 Maximum ADG = 19.8 g/bird per day
FE 240 3.1 Maximum FE = 0.64 g gain/g feed intake
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diets should not be less than 0.025 times dietary protein
concentration. The optimization results for Trp showed
that Trp required for optimum ADG and FE was 1.1% and
1.3% of dietary protein, respectively. As for Met, Morris
and co-workers advocated a fixed ratio of dietary Trp to
protein as requirement and stated that the amounts of Trp
required for maximum growth and FE were each linear
functions (12 g/kg) of dietary protein (Abebe & Morris
1990). Reported Trp requirements for broiler chicks
during the starter period have varied widely. Levels have
been suggested from as low as 1.3–1.6 to as high as 2.5 g
per kg of diet (Hewitt & Lewis 1972; Smith & Waldroup
1988; Rogers & Pesti 1989). A likely cause of some of the
variation in Trp requirement estimates is the difficulty in
determining the amount of Trp in basal diets (Rosa & Pesti
2001). However, based on the current analysis, the
National Research Council (NRC, 1994) Trp requirement
estimate of 2 g/kg diet is probably too low for broilers
chicks and at least 2.6 g Trp in the diet is necessary to
maximize ADG during the starter period. The same
findings were reported by Rosa and Pesti (2001), where
the data on Trp requirement from the literature were
pooled for nonlinear regression fitting to achieve the best
estimate of the starter chick’s requirement. Our results
indicated that in all the NN developed the protein and AA
requirements for maximum FE were higher than those for
ADG. Similar results for Trp have been obtained in
previous studies (Rosa & Pesti 2001). However, it is
worth pointing out that the optimization approach con-
ducted here, like others (Rosa & Pesti 2001; Pesti 2009),
is flawed from the economic perspective as it disregards
prices. The most economical levels of dietary protein and
AA in feed may not necessarily be the levels that are
required for maximum growth but the levels in diets
providing the largest difference between costs and returns
(Costa et al. 2001).

5. Conclusions

In conclusion, NN models appear to provide a more
accurate option than RS models in predicting the
response of broiler chick to protein and AA. Sensitivity
analysis revealed that in all the models developed, the
responses of broiler chicks were more sensitive to
protein than to AA (Met and Trp). The optimization
results indicated that protein and AA requirements
for maximum FE were higher than those for max-
imum ADG.
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