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Summary

Background: thermal environment exerts a direct influence on animal performance. Environmental factors, 
in different circumstances, may affect milk production and fertility of animals, compromising the profitability 
of the activity. Under heat stress conditions dairy cows reduce feed intake and, consequently, milk production. 
Sweating and panting are some of the mechanisms these animals use to relieve thermal stress. In addition, 
animals often suffer physiological and behavioral changes caused by heat stress. Objective: the goal of the 
present study was to develop and evaluate a model based on fuzzy set theory to predict rectal temperature 
(°C), and respiratory rate (breaths per minute) responses of Holstein cows exposed to different environmental 
thermal conditions. Methods: the proposed fuzzy model was based on data obtained experimentally (5,884 
records) as well as from the literature (792 records) referring to the effect of environmental variables on both 
physiological responses. Input variables of each record were dry bulb air temperature and relative humidity. 
Output variables were rectal temperature and respiratory rate. Results: the adjusted model was evaluated 
for its ability to predict response variables as a function of input variables. The model was able to predict 
respiration rate with an average standard error of 7.73 and rectal temperature with an average standard error of 
0.27. Conclusions: a fuzzy model was developed to predict physiological responses. The error (%) of model 
prediction for respiration rate and rectal temperature was +/- 12 and 0.5%, respectively.

Keywords: animal performance, predictive model, rectal temperature, respiratory rate.
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Resumen

Antecedentes: el ambiente termal ejerce una influencia directa en el desempeño animal. Factores 
ambientales, en diferentes circunstancias, pueden afectar la producción de leche y la fertilidad de los animales, 
comprometiendo la rentabilidad de la actividad. Bajo condiciones de estrés por calor, las vacas lecheras 
reducen su consumo de alimento y, consecuentemente su producción de leche. Sudar y jadear son algunos de 
los mecanismos que estos animales usan para aliviar el estrés térmico. Además de estas consecuencias, los 
animales a menudo sufren cambios fisiológicos y comportamentales causados por el estrés calórico, causando 
una reducción en la producción de leche. Objetivo: el objetivo del presente estudio fue desarrollar y evaluar 
un modelo basado en la teoría de los conjuntos fuzzy para predecir respuestas fisiológicas, temperatura rectal y 
frecuencia respiratoria, de vacas lecheras de raza holandesa blanco y negro expuestas a diferentes condiciones 
ambientales. Métodos: el modelo fuzzy propuesto fue basado en datos obtenidos experimentalmente (5.884 
registros), también como de la literatura (792 registros), refiriéndose a la influencia de las variables ambientales 
sobre esas respuestas fisiológicas. Cada registro incluye valores de temperatura de bulbo seco del aire, humedad 
relativa (variables de entrada), temperatura rectal y frecuencia respiratoria (variables de salida). Resultados: 
el modelo ajustado fue evaluado para cada variable respuesta y predice estas en función de las variables de 
entrada. Este modelo fue capaz de predecir la frecuencia respiratoria con un error estándar medio de 7,73 y 
la temperatura rectal con un error estándar medio de 0,27. Conclusiones: un modelo fuzzy fue exitosamente 
desarrollado para predecir respuestas fisiológicas. El modelo fue capaz de predecir frecuencia respiratoria y 
temperatura rectal con errores porcentuales de +/- 12 y 0,5%, respectivamente.

Palabras clave: desempeño animal, frecuencia respiratoria, modelo predictivo, temperatura rectal.

Resumo

Antecedentes: o ambiente térmico exerce uma influencia direta no desempenho animal. Fatores ambientais, 
em diferentes circunstancias, podem afetar a produção de leite e a fertilidade dos animais, comprometendo 
assim a rentabilidade da atividade. Sobcondições de estresse por calor, as vacas leiteiras reduzem o seu 
consumo de alimento e, consequentemente, a sua produção de leite. Sudorese e respiração ofegante são 
alguns dos mecanismos que estes animais usam para aliviar o estresse térmico. Além destas consequências, 
os animais com frequência sofrem mudanças fisiológicas e comportamentais causados pelo estresse calórico, 
causando uma redução na produção de leite. Objetivo: o objetivo do presente estudo foi desenvolver e avaliar 
um modelo baseado na teoria dos conjuntos fuzzy para predizer respostas fisiológicas, temperatura retal e 
frequência respiratória, de vacas leiteiras de raça holandesa branca e preta, expostas a diferentes condições 
térmicas ambientais. Métodos: o modelo fuzzy proposto foi baseado em dados obtidos experimentalmente 
(5,884 registros) bem como da literatura (792 registros), referindo-se à influência das variáveis ambientais 
sobre essas respostas fisiológicas. Cada registro inclui valores de temperatura de bulbo seco do ar, umidade 
relativa (variáveis de entrada), temperatura retal e frequência respiratória (variáveis de saída). Resultados: o 
modelo ajustado foi avaliado para cada variável resposta e prediz estas em função das variáveis de entrada. 
Este modelo foi capaz de predizer a frequência respiratória com um erro padrão médio de 7,73 e a temperatura 
retal com um erro padrão médio de 0,27. Conclusões: o modelo fuzzy foi desenvolvido com sucesso para 
predizer respostas fisiológicas. O modelo foi capaz de predizer frequência respiratória e temperatura retal com 
erros percentuais de +/- 12 y 0,5%, respectivamente.

Palavras chave: desempenho animal, frequência respiratória, modelo preditivo, temperatura retal.

Introduction

Brazil is located in an inter-tropical zone with hot 
and humid climates where dissipating body heat into 
the environment presents a major problem for the 
cattle industry, especially dairy cattle (Almeida et al., 
2010). High temperatures associated with high relative 
humidity in improperly designed confinement sheds 
further contribute to low performance of dairy cattle 
(Faria et al., 2008). The thermal environment exerts a 

direct influence on animal performance (Perissinotto 
and Moura, 2007). Environmental factors in different 
circumstances may affect milk production and 
fertility, compromising the profitability of the activity 
(Pierre et al., 2003; Ferro et al., 2010). The thermal 
environment affects heat transfer mechanisms and 
thus the thermal balance between the animal and 
the environment (Perissinotto and Moura, 2007; 
Navarini et al., 2009). Under heat stress conditions, 
dairy cows reduce feed intake and consequently 
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milk production (Harner et al., 2009). Sweating and 
panting are some of the mechanisms these animals use 
to relieve thermal stress.  In addition, animals often 
suffer physiological and behavioral changes causing a 
reduction in milk production (Perissinotto et al., 2007; 
Perissinotto et al., 2009). There is evidence that heat 
stress reduces future productivity of dairy cattle, even 
when environmental conditions return to acceptable 
levels (West, 2003; Hansen , 2007).

For these reasons, it is important to development 
models that can allow dairy producers to maintain a 
thermal neutral environment for the animals. Fuzzy 
models (FMs) can assist in ventilation control and 
evaporative cooling systems (Pereira et al., 2008).

Fuzzy models (FMs) are based on fuzzy logic 
(FL), which is founded in the theory of fuzzy sets 
introduced by Zadeh (1965). The FL works with 
approximate rather than exact information, similar 
to human reasoning, to achieve precision in various 
applications, thereby reducing the time needed for 
modeling. The fuzzy sets theory has been used as a 
viable and suitable option in various areas, such as 
estrus prediction in dairy cows (Ferreira et al., 2007), 
cloacal temperature prediction of broilers (Ferreira et 
al., 2012), statistics (Khashei et al., 2008), forensic 
science (Liao et al., 2009), among others. 

The objective of this study was to develop and 
validate a model based on artificial intelligence (fuzzy 
logic) to predict rectal temperature (trectal) and respiratory 
rate (RR) of confined Holstein cows as a function of dry 
bulb air temperature (tdb) and relative humidity (RH).

Materials and methods

All procedures used in this experiment were 
approved by the Ethics Committee on Animal Use 
(Comissão de ética no uso de animais, CEUA) of 
the Federal University of Lavras (UFLA), protocol 
number 004/2011.

The experimental data used in this study were 
collected at the Intensive system of milk production 
(SIPL) facilities of the dairy cattle national research 
center (CNPGL) of the empresa brasileira de pesquisa 
agropecuária (EMBRAPA), Coronel Pacheco 

city, Minas Gerais (MG), Brazil. Environmental 
variables (tdb, RH) and physiological responses 
(trectal and RR) were collected. Output variables 
(physiological responses) and environment were 
evaluated simultaneously. Stalls occupied by cows 
were marked. The number of animals that occupied 
the stalls in relation to the total number of stalls was 
expressed as a percentage during the evaluation.

The SIPL is located at latitude 21º33’22” S and 
longitude 43º06’15” W, with an altitude of 414 m 
(Campos et al., 2002 ). The climate of the region 
corresponds to Cwa (i.e., hot weather, rainy temperate, 
a dry winter, and a hot summer). A free-stall shed 
with a capacity to accommodate 80 adult animals 
divided into four lots was evaluated (37.02 m long, 
26.20 m wide, 7.00 m high at the center, and 3.50 m 
of ceiling height).

The shed had the following characteristics: full 
opening at all four sides, precast concrete pillars, 
slotted concrete floor for water and waste drain, 
central feed corridor (4.50 m wide), and handling 
corridor (3.82 m) to lead groups to the milking parlor. 
Beds were covered with sand, containing whole tires 
inside to reduce sand loss. The roof was covered in 
fiber cement tiles with an area of discovery ridge to 
obtain ventilation by thermosyphon effect. The gables 
were sealed with fiber cement tiles, installed in the 
vertical position, aiming to reduce the incidence of 
direct solar radiation inside the facility. Dry bulb 
thermometers were installed in the center of four 
stalls, in a row, with the objective of evaluating the 
temperature distribution in the facility. Additionally, 
air speed was collected at these points; however, this 
variable was not used in the proposed model.

Digital thermo-higrometers were installed in each 
stall to determine the following parameters: ambient 
temperature, relative humidity, maximum daily 
temperature, and maximum daily relative humidity. 
Maximum and minimum thermometers were also 
installed in a weather station located on the outside, near 
the shed dry bulb. Each set of 20 stalls was occupied 
by a group of animals, as follows: primiparous cows 
yielding between 25 to 30 kg/day (Group 1: G1); cows 
in early lactation (up to 100 days) and yielding above 25 
kg/day (Group 2: G2); cows between 100 to 200 days of 
lactation and yielding between 20 to 25 kg/day (Group 
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3: G3); cows over 200 days of lactation and production 
between 12 to 20 kg/day (Group 4: G4). All animals were 
milked three times a day, at 6 a.m, at 2 p.m, and 10 p.m.

Recal temperature (Trectal) and RR were measured 
once a week at 9 a.m, 3 p.m, and 9 p.m during winter 
and summer in 50% of the animals, which were drawn 
at random within each group. The average number of 
sampled animals was 40 (10 per group) on each harvest. 
trectal was obtained through a clinical digital thermometer 
inserted into the rectum, and RR by counting flank 
movements for 30 seconds and multiplying this value 
by 2 to get the number of breaths per minute. Care was 
taken to prevent animal movements when measuring 
trectal and RR. Data collection was conducted by the same 
personnel throughout the experimental period.

Datasets

A database was generated based on literature (thesis 
and dissertations included), containing the raw data 
for tdb, RH, trectal, and RR for black and white Holstein 
dairy cows exposed to different environmental thermal 
conditions. These data were chosen because the authors 
Pires (1997), Martello (2002), Silva et al. (2002), 
Perissinotto (2003), Pires and Campos (2003), Martello 
et al. (2004), Matarazzo (2004), and  worked with these 
four variables in common.

The total dataset, also called a combined dataset 
(6,676 records), was obtained from 128 multiparous 
Holstein dairy cows reported in different experiments 
in the literature (also called the Literature dataset, 792 
records) and data from experiments conducted by 
EMBRAPA in MG, Brazil. For this experiment, 346 
multiparous purebred Holstein cows were used. The 
free-stall environment was continuously monitored to 
obtain daily records of tdb and RH in the winter period 
(June, July, and August) and summer (January, February, 
and March) during years 1993, 1994, and 1995. The 
trectal and RR were collected once a week, three times a 
day (9 a.m, 3 p.m, and 9 p.m), thereby obtaining 5,884 
records (also called the Experimental dataset).

The total number of animals used for data collection 
was 474. The dataset included all seasons. All animals 
were located in Southeastern Brazil. This region fits in 
the Cwa Köppen climatic classification, with dry, cold 
winters and hot, humid summers. The combined dataset 

used (experimental and obtained from literature) in this 
study covered a total period of six years.

To develop and validate the model based on fuzzy 
logic, the dataset used were the means of the combined 
dataset. This dataset had a total of 427 means (216 
means from the Literature dataset and 211 means from 
the Experimental dataset).

Data analysis

Once developed, the model was tested using the 
minimum, mean, median, maximum values, standard 
deviation, and percentage errors. Standard errors, 
coefficients of determination (R2), root mean square 
error (RMSE), regression coefficients (slopes), and 
intercepts for each variable (trectal and RR) were 
also calculated using the SPSS® statistical software 
package (SPSS Inc., Chicago, Illinois, USA). In 
addition, histograms and graphs of functional 
relationships (FRs)—FRs between (with linear 
trend) predicted and observed variables (means of 
the combined dataset), were used to compare the 
performance of the proposed model.

Fuzzy inference system

The computer program used to make the model 
was Matlab® 2009a (MatWorks Inc, Natick, MA, 
USA), using the fuzzy logic toolbox®. The model 
consists of two input variables (tdb and RH) and two 
output variables (trectal and RR). The most common 
inference method used by researchers (Perissinotto 
et al., 2009; Yanagi Junior et al., 2012; Ponciano et 
al., 2012; Campos et al., 2013) and used in this study 
was the Mandani type (Mandani and Assilian, 1975), 
which creates a fuzzy set originating from combining 
input values with their respective pertinence degree, 
by the minimum operator and then by superposition of 
the rules through maximum operator. De-fuzzification 
was performed using the method of Center of Gravity 
(Centroid or Area Center), which considers all output 
possibilities, transforming the fuzzy set originated by 
inference into a numerical value, as proposed by Tanaka 
(1997) and Sivanandam et al. (2007). In this type of 
FM, much intervention is required from the modeler 
because FM can be generated with experimental 
data; therefore, the total of means of the combined 
dataset was used for validation of the model. Because 
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of modeler intervention, a spreadsheet was used 
to organize the data (in this case, the means of the 
combined dataset, 427 independent data points) 
to establish the set of rules that might explain the 
behavior of input and output variables. 

The classifications adopted for this model were 
based on the literature and through the assistance of 
experts (specialists), in the form of linguistic sentences, 
and the fit between the simulated and observed values. 
The selection process of specialists interferes with the 
reliability of the results (Taylor, 1988), therefore, experts 
were selected from heterogeneous groups with extensive 
experience (more than 10 years) in the area of animal 
environment. Specialists had theoretical knowledge 
gained through research, development of courses and 
conferences on the subject, in accordance with the 
fuzzy specialists selection methodology proposed by 
Cornelissen et al. (2002). Three specialists developed 
this model, in agreement to the amount proposed by Klir 
and Yuan (1995; one or more). 

Results

According to the analysis of the experimental 
dataset, the sources of variation considered in the 
statistical model (year, season, time, group) had 
significant effect (p<0.01) on the variables trectal and 
RR. The time x group x time x season and group 
interactions were not significantly different for both 
variables, and station group x time x and year x season 
did not differ respect to RR.

The season (winter or summer) explained part of the 
model for trectal (R

2 = 43.3%) and RR (R2 = 71.82%), and 
time of collection was more important to the model for 
trectal (R

2 = 23.5%) than for RR (R2 = 10.5%).

Fuzzy inference system

The result of this fuzzy inference system can be 
described as a set of membership functions based 
on linguistic descriptors of input variables (Figure 
1). Initially, this model was based on research by 
Perissinotto (2007) and Perissinotto et al., (2009), 
which has 120 rules (tdb = 15, membership functions 
(MFs), range [15 to 45 ºC]; temperature sets: {< 22, 
23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, e 

> 36};  RH = 8 MFs, range [0% to 100%]; humidity 
sets {< 20, 30, 40, 50, 60, 70, 80, e > 90}; trectal = 3, 
MFs, range [37% to 40 ºC]; sets {< 38.8, 38.8 - 39.2, 
> 39.2 ºC}; and RR = 3 MFs, range [28 to 108 breaths/
min]; sets: {< 56, 56 to 64, > 64}). These MFs values 
were adjusted according to the experimental dataset 
to reduce deviations, because the model proposed 
by Perissinotto (2009) and the raw data obtained by 
Perissinoto (2003) did not have values lower than 
22 ºC for tdb, and values greater than 40 ºC for trectal, 
thus, the model with these configuration (sets), had 
absolute deviations greater than 1.0 ºC.

Figure 1. The membership function structure developed for the 
fuzzy inference system. Left side: input variables, right side: output 
variables.

The linguistic expressions established in this model 
are an interpretation dependent on the previously 
organized data. The structural characteristics of the 
model are: type: Mandani; number of rules: 192; de-
fuzzification method: Centroid; input 1 (tdb), range: 9 
to 45; number of MFs: 24; input 2 (RH), range: 0 to 
100; number of MFs: 8; as output 1 (trectal), range:  37 
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to 42; number of MFs: 11 and output 2 (RR), range: 
28 to 108; number of MFs: 12.

The fuzzy sets of input and output variables are 
graphically represented by triangular and trapezoidal 
membership curves (Figure 1) because these are the 
most commonly used and represent the data profile, 
as observed by several authors (Ferreira et al., 2007; 
Schiassi et al., 2008; Perissinnoto et al., 2009; Castro et 
al., 2012; Ponciano et al., 2012; Campos et al., 2013). 

The fuzzy inference was composed of a set of 192 
rules, stemming from the multiplication of 24 MFs 

for tdb and 8 MFs for RH. Each rule was composed of 
logical connectors (if, and, or, then) and the antecedent 
and consequent parts. For example, IF x is A AND y is B, 
THEN z is C, in which A, B, and C are fuzzy sets; ‘x’ 
and ‘y’ are input variables; and z is the output variable. 
Thus, “IF x is A AND y is B” is the antecedent part, 
and “THEN z is C” is the consequent part.

The FRs between values for trectal and RR predicted 
by the FM and the means of the literature dataset, 
means of the experimental dataset, and the means 
of the combined dataset (means of experimental and 
literature datasets) are shown in Figure 2.

Figure 2. Functional relationships between the values for Trectal simulated by the fuzzy model and the means of the literature dataset 
(a), experimental dataset (b), combined dataset (c), and between the values for RR simulated by the fuzzy model and the means of the 
literature dataset (d), experimental dataset (e), and combined dataset (f). 
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In addition to the graphs that illustrate the FRs 
previously described for the fitted model, histograms 
for the occurrence frequency of absolute deviations for 
trectal (Figure 3a) and RR (Figure 3b) are presented; thus, 

statistical results are shown in Table 1, some samples of 
values for trectal and RR (measured experimentally and 
simulated using the proposed fuzzy model) are listed in 
Table 2. 

Table 1. Statistical indexes of the developed model.

Statistical indexes Rectal temperature 
(trectal)

Respiratory rate (RR)

Absolute deviations

Minimum 0·0 0·0

Mean 0·2 6·0

Median 0·2 4·8

Maximum 0·9 27·4

Standard deviation

Minimum 0·0 0·0

Mean 0·1 4·3

Median 0·1 3·4

Maximum 0·6 19·4

Percentage error

Minimum 0·0 0·0

Mean 0·5 12·0

Median 0·5 9·1

Maximum 2·4 67·9

R2 0·49 0·58

Standard error 0·27 7·73

RMSE 0·27 7·73

Regression coefficients 
(Slopes)

0·92*
(± 0.05)

1·01*

(± 0.04)

Intercepts
2·87

(± 1.8)
-0·56

(± 2.18)

R2: determination coefficients; RMSE: root mean square error; *Regression coefficients are significant (p<0.05) — if the intercept is close to 0 and the 
slope is simultaneously close to 1, then the accuracy is higher.

Table 2. Comparison between Trectal and RR values observed and simulated by the fuzzy model as a function of Tdb and RH above the 
thermal neutral zone for dairy cattle (Tdb ≥ 27 °C and RH ≥ 60%).

Observed values Simulated values by the 
fuzzy model

Absolute deviation Error

Inputs Outputs

Tdb
1 RH2 trectal

1 RR3 trectal
1 RR3 trectal

1 RR3 trectal
2 RR2

27 63 39 59 39 52.8 0 6.2 0 10.5

27 64 39 40 39 53.4 0 13.4 0 33.5

27 65 39 60 39 54.1 0 5.9 0 9.9

27 66 38.8 62 39 54.7 0.2 7.3 0.5 11.8

Continues
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Observed values Simulated values by the 
fuzzy model

Absolute deviation Error

Inputs Outputs

Tdb
1 RH2 trectal

1 RR3 trectal
1 RR3 trectal

1 RR3 trectal
2 RR2

27 68 39.5 64 39 55.9 0.5 8.1 1.3 12.7

27 70 39.5 66 39 57.1 0.5 8.9 1.3 13.5

27 72 39.1 63 39 58.2 0.1 4.8 0.3 7.5

27 76 38.6 63 39 60.7 0.4 2.3 1 3.6

27 77 38.8 56 39 61.3 0.2 5.3 0.5 9.5

27 78 39 56 39 61.9 0 5.9 0 10.6

27.5 77 39.1 71 39 60.9 0.1 10.1 0.3 14.2

27.6 69 38.9 43 38.9 59.9 0 16.9 0.1 39.3

27.7 79.7 39.1 76 39 62.9 0.1 13.1 0.3 17.3

28 60 38.8 47 38.5 51.1 0.3 4.1 0.8 8.7

28 62 38.7 60 38.6 53.7 0.1 6.3 0.2 10.4

28 65 39.6 68 38.8 57 0.9 11 2.1 16.1

28 67 38.6 54 38.8 59.2 0.2 5.2 0.6 9.6

28 68 39.8 62 38.9 60.4 0.9 1.6 2.3 2.6

28 69 38.6 60 38.9 61.6 0.3 1.6 0.9 2.7

28 74 39 47 39 63.1 0 16.1 0 34.2

28 75.6 39.5 65 39 63 0.5 2 1.3 3

28 78 39 59 39 63.1 0 4.1 0 6.9

28 79 39.1 68 39 63.1 0.1 4.9 0.3 7.2

28 84 39 68 39 63.1 0 4.9 0 7.3

28.2 71 38.7 46 39 60.4 0.3 14.4 0.8 31.2

28.4 62 38.9 41 38.6 54.9 0.3 13.9 0.7 33.8

28.5 60.1 38.7 58 38.5 54.1 0.2 3.9 0.5 6.7

28.5 77 39 45 39 58.4 0 13.4 0 29.9

28.6 69 38.8 39 38.9 56 0.1 17 0.3 43.6

28.8 60.3 38.8 60 38.5 56.1 0.3 3.9 0.7 6.5

29 62 38.4 64 38.6 55.9 0.2 8.1 0.6 12.7

29 67 39.6 68 38.8 52.8 0.8 15.2 1.9 22.3

29 72 39.6 72 39 53.7 0.6 18.3 1.5 25.4

29 79 39.1 50 39 61.6 0.1 11.6 0.3 23.3

29 83 39.1 69 39 63.1 0.1 5.9 0.3 8.6

29 86 38.8 55 39 63.1 0.2 8.1 0.5 14.6

29.2 65 38.9 39 38.9 59.2 0 20.2 0 51.9

Continues

Table 2. Continued
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Observed values Simulated values by the 
fuzzy model

Absolute deviation Error

Inputs Outputs

Tdb
1 RH2 trectal

1 RR3 trectal
1 RR3 trectal

1 RR3 trectal
2 RR2

30 60 39.4 66 39.5 63.1 0.1 2.9 0.3 4.4

30 62 39.2 57 39.5 65.7 0.3 8.7 0.8 15.3

30 68 39.5 72 39.5 72.4 0 0.4 0 0.5

30 89 39.3 72 39.5 75.1 0.2 3.1 0.5 4.3

30.4 70 39.3 72 39.3 62.4 0 9.6 0 13.3

30.5 67 39 45 39.3 60.2 0.3 15.2 0.6 33.8

31 89 39.3 73 39.4 72.7 0.1 0.3 0.3 0.5

32 64 39.1 52 39 63.1 0.1 11.1 0.3 21.3

32 85 39.2 66 39 63 0.2 3 0.5 4.5

32.5 68 39 48 39 57 0 9 0 18.9

32.6 64.8 39 43 39 56.3 0 13.3 0 31

33 64 38.8 47 39 51.1 0.2 4.1 0.5 8.6

33 67 39.3 50 39 51.1 0.3 1.1 0.8 2.1

34.5 61.8 39.6 54 39.6 58.5 0 4.5 0.1 8.3

34.7 60.9 39.5 56 39.6 57.7 0.1 1.7 0.2 3

35 62.6 39.5 54 39.6 58.6 0.1 4.6 0.4 8.5

36.7 98 40.4 56 40 51.1 0.4 4.9 1 8.8

36.7 99 39.6 48 40 51.1 0.4 3.1 1 6.4

37 60 39.6 82 39.5 81.1 0.1 0.9 0.3 1.1

1(°C). 
2(%). 
3(breaths per minute).

Table 2. Continued

Figure 3. Frequency of occurrence of absolute deviations between the data for (a) trectal (ºC) and (b) RR (breaths per minute) simulated 
by the fuzzy model and the means of the combined dataset.
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Discussion

The final model for predicting trectal and RR in cows 
was compared side by side using different methods 
with the means of the combined dataset as validation 
of the model. The model generally exhibited good 
statistical indices related to capacity for predicting 
the physiological variables.

The fitted model more accurately predicts the 
trectal  than the RR (Tables 1 and 2). This result may be 
attributable to the fact that Holstein cows have lower 
adaptability to adverse conditions of hot climates 
and they need to activate their thermoregulatory 
mechanisms more intensely to dissipate body heat 
through the respiratory tract (Azevedo et al., 2005), 
where each animal reacts differently in an attempt 
to maintain homeothermy. Above the upper critical 
temperature (25 °C), dairy cattle increase respiratory 
rate and trectal concomitant with a decline of milk 
production and reproductive performance (Bitman 
et al., 1984). The increase in respiratory frequency 
allows the animal to reduce body heat by 30% through 
evaporation. Respiratory rate is an index of respiratory 
thermoregulation, thus, when high RR is observed and 
the animal efficiently dissipates body heat, heat stress 
may not occur (Pires and Campos, 2003). Therefore, at 
the time of collecting information for this variable for 
each animal, it is possible to find more variation within 
established normal ranges and affect the coefficient 
of variation of the data collected of this variable (RR) 
and the values of trectal may stay more stable within the 
normal ranges in the respective experiments.

In addition, it is evident that the model developed 
predicted with greater accuracy (higher R2) when 
using the observed dataset compared to the literature 
dataset (Figure 2). This might be explained by 
differences in management, thermal isolation of 
facilities, and use of ventilation and evaporative 
cooling systems intrinsic to each experiment reported 
in the literature.

In the specialists’ opinion, the inclusion of air 
velocity and radioactive heat load as input variables 
may increase model performance because tdb 
affects loss of sensible heat through conduction and 
convection, RH affects quantity of latent heat lost, and 
air velocity affects rate of loss of sensible and latent 

heat (Dikmen and Hansen, 2009), thereby reducing 
the prediction errors.

A more detailed analysis of the frequency of 
absolute deviations reveals that for the means of the 
combined dataset of trectal predicted by the model, 
83.6% of absolute deviations were between 0.0 and 
0.39 ºC, and the remaining 16.4% were between 0.4 
and 1.0 ºC (Figure 3a), thus, indicating the model’s 
predictive capacity. 

Similarly, according to the model predicting the 
means of the combined dataset for RR, 80.4% of the 
absolute deviations were between 0.0 and 9.9 breaths 
per minute, and the remaining 19.6% were between 
10.0 and 30.0 breaths per minute (Figure 3b). 

The prediction capacity of trectal by the fuzzy 
model was greater than that reported by Hernández-
Julio et al. (2012) using a Sugeno type fuzzy system 
developed by an adaptive neuro-fuzzy Inference 
system (ANFIS) to predict the same variable (trectal) 
with a 0.442 coefficient of determination (R2). This 
study had better performance than the reported by the 
previously mentioned author (standard error = 0.28; 
root mean square error (RMSE) = 0.28), the difference 
between the two models is that 94.6% of the absolute 
deviations were between 0.0 ºC and 0.39 ºC, and the 
remaining 5.4% were between 0.4 and 1.0 ºC.

This fuzzy model was greater than the work 
reported by Azevedo et al. (2005) and Dikmen 
and Hansen (2009) using regression models to 
predict physiological variables (trectal, RR and coat 
temperature with coefficient of determination [R2] of 
0.43, 0.62, and 0.31, respectively for first author and 
trectal  with R2 = 0.43 for the latter), emphasizing that 
the published studies used fewer statistical resources 
for the evaluation of the proposed models.

For RR, on one hand, the fitted model presented 
a greater R2 and a lower mean error than the model 
reported in a similar work by Brown-Brandl et al. 
(2005) who used fuzzy logic to predict RR (R2 = 
0.27; Mean error = 8.0). In the same case, this work 
presented higher R2 than the studies reported by 
Martello (2006) who worked with regression models 
to predict this physiological variable (R2 = 0.43) and 
the work reported by Hernández-Julio et al. (2012) 
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who used a Sugeno type fuzzy system (ANFIS) to 
predict RR with a coefficient of determination value 
of 0.44, also obtaining better results than the model 
reported (standard error of 8.99 and RMSE of 9.12), 
the difference between the two fuzzy models was in 
the frequency of occurrence of absolute deviations 
(90.2% were between 0.0 and 9.9 breaths per minute, 
and the remaining 9.8% of the deviations were 
between 10.0 and 30.0 breaths per minute).

On the other hand, the work reported by Azevedo 
et al. (2005) presented higher R2 for RR than this 
fitted model. This result can be explained by the 
characteristic of the study. The animals used had 
different levels of crossbreeding (1/2, 

3/4, 
7/8) between 

Holstein and Zebu, showing that these animals have 
less need to use their respiratory tract to maintain 
homeothermy, which is probably derived from the 
fact that these animals are better able to regulate heat 
loss through skin perspiration (Azevedo et al., 2005). 
This allows researchers to obtain continuous data 
and, thereby, to establish better results by reducing 
prediction errors.

The fuzzy model developed to estimate the trectal 
and RR of black and white Holstein dairy cows based 
on the tdb and RH provided low standard deviations 
and percentage errors (0.1 ºC and 0.5% for trectal 
respectively; 4.3 breaths per minute and 12% for RR, 
respectively). Thus, the model based on fuzzy logic 
generates realistic estimates and can be used to predict 
physiological responses of Holstein cows and can thus 
help in the decision-making process.
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