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Abstract: This study aimed to use the design of experiment technique to calculate the optimum values of dependent 

and independent variables considered in the production of quality sugar. This study consists of two stages. Firstly, 

four different independent variables and one dependent variable data were used for this study. The levels and 

limits of independent factors were determined as a result of descriptive statistical analysis. They were considered 

the experiment as a two-level system; a full-factorial design of experiment, including 24 experiments with three 

replications, was made. Statistical analysis was performed using the data obtained, and it was determined whether 

the independent variables had an effect on the dependent variable. In the second stage of the study, the 

optimization model developed in order to obtain optimum results for both dependent and independent variables 

was run. According to the optimum data obtained in the optimization model, the quality-sugar score was calculated 

as 13.5821 according to 95% confidence and prediction interval, while the color of sugar was determined to be 

brown. 
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1. Introduction 

This study is discussed on the quality of sugar that people consume a lot in daily life. Sugar 

consumption occurs in many types of food produced. For this reason, the quality of the sugar used in 

the quality of the produced product is discussed. In this study, the design of experiment method was 

preferred to increase the quality of the sugar produced. With this method, an optimization model was 

developed, and optimum values were obtained for the high-quality sugar score. The basis of sugar 

production is based on sugar cane, which was grown in different parts of the world thousands of years 

ago and is a vital foodstuff [1]. Sugar production in today's technology consists of two stages: refining 

the raw sugar obtained from sugar cane or sugar beets [2]. In sugar production, sugar canes or sugar 

beets must go through some chemical processes in order to turn into refined sugar [3], [4]. In this study, 

some of the chemical processes are considered independent variables. 

The design of experiment is used by researchers in many fields, especially in studies that require 

experimentation [5]–[8]. In some studies, not the production of raw sugar, but the experimental design 

method was used to increase the yield from sugar beet, which is the raw material of raw sugar [9]. The 

design of experiment has been used in some studies to optimize sugar-related processes [10]. However, 

this study is directly aimed at increasing the quality of sugar using this method. Using this method is 

to have more than one variable in an experiment and measure the effects of these variables easily. The 
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method of experimental design consists of many stages. However, there are three most important 

processes. These processes are defined as randomization, replication, and blocking [11]. In this study, 

two processes other than blocking are discussed. 

Another critical stage in the design of experiment is to determine the types and levels of variables to be 

used in the design. There are two types of variables or factors [12]. Independent variables and 

dependent variables are the cornerstones of the design of experiment [13]. It is one of the best methods 

developed to measure the effect of independent variables on dependent variables in the design of 

experiment [14], [15]. In this study, four different independent variables and one dependent variable 

are defined to calculate the optimum value of the quality sugar score. We have investigated the factors 

which may have possible effects on sugar quality. This experiment is designed in a factory producing 

sugar.  The main objective is analyzing these factors and coming up with some recommendations of 

these factor levels to get the high sugar quality.  

There are different techniques in the method of experimental design [16]. Some of these techniques are 

included in the literature as full-factorial design, fractional factorial design, response surface design 

(central composite design, Box-Behnken design), mixture design, screening design. The researchers 

preferred these designs depending on the types, levels, data numbers of the dependent and 

independent variables used for the experiment, and most importantly, the cost and time of the 

experiment [5]. If less data is needed in terms of cost and time, other design types are used instead of 

full-factorial design. For example, if a full-factorial design is used for an experiment with two levels and 

five independent factors, 32 data is needed, while a fractional factorial design requires 16 or 8 data. The 

full-factorial experiment design was used depending on the data and the level of factors obtained in this 

study. 

This study includes four sections. The first section deals with the literature review of studies related to 

the design of experiments and sugar production. The second part gives detailed information about the 

methodology of the study. The results obtained from the method mentioned in the methodology section 

were discussed in the third section. In the last section, a conclusion about the research has been 

provided. 

2. Materials and Methods 

2.1. Design of Experiment  

The design of experiment approach developed by Ronald Fisher in the early 1920s is widely used in 

many scientific fields that require experimentation [5], [17]. The central concept of the design of 

experiment is that it deals with the effect of independent variables on the dependent variable in detail 

[18]. In the design of experiment, the impact of independent variables on the dependent variable is 

examined depending on the levels of the variables. 

There are three different steps to be considered in the design of experiment (Besides the principles of 

randomization, blocking, and replication [19], [20], other steps for this study are discussed): 

 

 determination of dependent and independent variables: dependent variables are represented 

by the symbol 𝑦, while independent variables are defined with 𝑥. The number of independent 

variables is shown as 𝑑 in this study. 

 determining the independent variables' levels: the levels of the independent variables are 

represented by the symbol 𝑙. 

 Determining the number of replications: The trials to be made in the experiments are done in a 

random order [17]. The notation 𝑛 represents replication.  

 

The design combination for an experiment is obtained using the following formula in the design of 

experiment:  

 
𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑢𝑛 = 𝑛. 𝑙𝑑 (1) 

 

The above formula is valid for full-factorial design in the design of experiment and the same number of 

levels for each independent variable. 
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2.2. Selection of input and output variables and their Levels 

Four independent variables and one dependent variable were chosen for this study because they play 

an important role in the production of quality sugar. Experts have determined these variables as factors 

that can affect the sugar quality level. While the independent variables were determined as absorption, 

conductivity, drying loss rate during the drying process, and sugar color, the sugar quality score was 

considered the dependent variable. The visual of white sugar and brown sugar is given in figure 1. 

 

 
Figure 1. The visual of white and brown sugar [21] 

 

With the design of experiment, the correct combination of the factor levels of different independent 

variables is obtained, and the constraint equations of the optimization model are formed in order to 

obtain the highest sugar quality. The dependent variable is accepted as the objective function of the 

optimization model developed for this study. 

2.3. Full-Factorial Design of Experiment 

There are four main factors to be considered in this experiment as described above. Each of the factors 

has two levels.  Therefore, we have decided to apply for the 2 𝑑 —factorial design (d, number of 

factors). Accordingly, we have to consider a total of 2 4 − 1 (= 15) effects which concerned the input 

factors and their interactions –second order, third order [22], and fourth-order.   

We have focused on analyzing three replicated full factorial two-level designs, typically referred to as a 

2d factorial design (d factors, all crossed, with two levels each). Because we did three replicated 

experiments, we have just 48 runs.  The coded and actual levels notations of decision variables are 

shown in Table 1. 

 

Table 1. The coded and actual levels notations of decision variables  

Factors Notations 

Level 1 Level 2 

Coded Level -1 Coded Level 0 

Value Value 

Absorbance 𝑥1 𝑥1
𝑙  𝑥1

𝑢 

Conductivity 𝑥2 𝑥2
𝑙  𝑥2

𝑢 

Dryness Loss 𝑥3 𝑥3
𝑙  𝑥3

𝑢 

Color 𝑥4 𝑥4
𝑙  𝑥4

𝑢 

 

MINITAB 18.0 statistical software was used for this study to statistically analyze the data and to 

optimize the quality of sugar score. 

2.4. Optimization Model 

In this study, an optimization model has been developed to calculate the optimum values of dependent 

and independent variables used for quality sugar production. In the optimization model, the objective 

function is determined as the sugar quality, while the constraints are considered the minimum and 

maximum values that the independent variables will take. The objective function is the regression 
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equation obtained as a result of experimental design analysis. The optimization model was created in 

the form of a closed formula as follows [18], [23]: 

 

Objective function: 

𝑦𝑚𝑎𝑥         𝛽0 + ∑ 𝛽𝑖𝑥𝑖

𝑛

𝑖

+ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑖<𝑗

+ ∑ 𝛽𝑖𝑗𝑘𝑚𝑥𝑖𝑥𝑗𝑥𝑘 +

𝑖<𝑗<𝑘

∑ 𝛽𝑖𝑗𝑘𝑚𝑥𝑖𝑥𝑗𝑥𝑘𝑥𝑚

𝑖<𝑗<𝑘<𝑚

+∈𝑖 (2) 

 

s.t. 
𝑥𝑖

𝑙 ≤ 𝑥𝑖 ≤ 𝑥𝑖
𝑢, 𝑖 = {1,2, … , 𝑛} (3) 

 

where 𝑥𝑖
𝑙 and 𝑥𝑖

𝑢 represent the lower and upper limits for the decision variables (input or independent 

factors). 𝑥𝑖  symbolizes the optimum or feasible values that the decision variables will take. The 

regression equation representing the objective function is derived for four independent variables.  

3. Results 

For this study, four independent variables and one dependent variable were considered. Descriptive 

statistical data of the variables considered are given in Table 2. In particular, minimum and maximum 

values were calculated for each variable. With the acquisition of these values, the levels and limits of 

the independent variables are also determined. 

 

Table 2: The descriptive statistical data for variables  

Statistics 𝑥1 𝑥2 𝑥3 𝑥4 𝑦 

Mean 0.10600 20.0000 0.07450 0.0000 13.5030 

SE Mean 0.00087 0.37900 0.00955 0.1460 0.00848 

StDev 0.00606 2.62800 0.06619 1.0110 0.05870 

Variance 0.00004 6.90400 0.00438 1.0210 0.00345 

Sum of Square 0.54106 19524.5 0.47234 48.000 8752.68 

Minimum 0.10000 17.4000 0.00900 -1.0000 13.3950 

Q1 0.10000 17.4000 0.00900 -1.0000 13.4600 

Median 0.10600 20.0000 0.07450 0.0000 13.5000 

Q3 0.11200 22.6000 0.14000 1.0000 13.5500 

Maximum 0.11200 22.6000 0.14000 1.0000 13.6180 

Skewness 0.00000 0.00000 0.00000 0.0000 0.06000 

 

For this study, the statistical analysis of the data of 48 scenarios (design, run) was made by using the 

full factorial design method. The statistical analysis's reliability values were calculated as 0.972 for R2, 0. 

958 for adjusted R2, and 0.936 for predicted R2, respectively. The statistical analysis of decision variables 

was performed not only individually but also interactively in this analysis. ANOVA data of the decision 

variables are shown in Table 3. 

 

Table 3: ANOVA results for decision variables 

Status Variables Adj SS Adj MS F-Value P-Value 

Model Model 0.157448 0.010497 72.530 0.001 

Individual 𝑥1 0.000727 0.000727 5.0200 0.032 
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𝑥2 0.028940 0.028940 199.96 0.001 

𝑥3 0.096571 0.096571 667.27 0.001 

𝑥4 0.029661 0.029661 204.95 0.001 

2-way interaction 

𝑥1𝑥2 0.000131 0.000131 0.9100 0.348 

𝑥1𝑥3 0.000264 0.000264 1.8300 0.186 

𝑥1𝑥4 0.000186 0.000186 1.2800 0.266 

𝑥2𝑥3 0.000000 0.000000 0.0000 0.992 

𝑥2𝑥4 0.000009 0.000009 0.0600 0.810 

𝑥3𝑥4 0.000186 0.000186 1.2900 0.265 

3-way interaction 

𝑥1𝑥2𝑥3 0.000096 0.000096 0.6700 0.421 

𝑥1𝑥2𝑥4 0.000037 0.000037 0.2600 0.616 

𝑥1𝑥3𝑥4 0.000058 0.000058 0.4000 0.532 

𝑥2𝑥3𝑥4 0.000571 0.000571 3.9500 0.056 

4-way interaction 𝑥1𝑥2𝑥3𝑥4 0.000011 0.000011 0.0800 0.783 

 

According to Table 2, it was observed that four different independent variables were effective on the 

dependent variable.  As a result of the interaction of independent variables, it is understood that the 

interaction in which only the second, third, and fourth independent variables (3-way interaction,  

𝑥2𝑥3𝑥4) are together affects the dependent variable (p-value is 0.056). Since four independent variables 

are significantly effective on the dependent variable, no independent variable should be removed from 

the statistical model. However, interactive situations that are not statistically effective from independent 

variables should be removed from the model. 

This study aims to use the design of experiment technique to calculate the optimum values of dependent 

and independent variables taken into account for producing quality sugar. For this reason, as a result 

of the statistical analysis, it was analyzed that four different independent variables were effective on the 

dependent variable. Optimum results were obtained by running the optimization model created on the 

condition of sticking to the data used in the next step of the study. The optimum results for dependent 

and independent variables are given in Table 4. 

 

Table 4: The results of the optimization model and Confidence/Prediction Intervals 

Decision or independent variables Response 
95% Confidence Interval 95% Prediction Interval 

𝑥1 𝑥2 𝑥3 𝑥4 𝑦 

0.1076 21.8546 0.029 +1* 13.5821 12.5985; 13.6268 12,5844; 13,6410 

*Sugar color: -1: white, +1 Brown 

 

According to Table 3, the optimum result was obtained by calculating the quality sugar score as 13.5821, 

according to the 95% confidence and prediction interval. In addition to the optimum results of the first 

three independent variables, the color of the sugar produced according to the fourth independent 

factor's optimum result should be brown in this research. 
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4. Conclusions 

In this study, the design of experiment technique was used to increase the quality of sugar used in daily 

life. Four different independent variables and one dependent variable data were used in the study. As 

a result of descriptive statistical analysis, the levels and limits of the independent factors were 

determined. This study consists of two stages. First, by using these data, statistical analysis was 

performed, and it was determined whether the independent variables had an effect on the dependent 

variable. In the second stage of the study, the optimization model developed to obtain optimum results 

for both dependent and independent variables was run. According to the optimum data obtained in the 

optimization model, while the quality sugar score was calculated as 13.5821, according to the 95% 

confidence and prediction interval, and it was stated that the color of the sugar was brown. 
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