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PREFACE 

 

 

 Sustainability dynamics of agriculture and engineering disciplines have a critical 

importance under rapidly changing environmental, economic and social conditions. Problems 

such as global population growth, limited natural resources and climate change are increasing 

the need for efficient and environmentally friendly agricultural practices. In this context, the 

interaction between agricultural practices and engineering solutions plays a central role in 

achieving sustainable development goals. This book aims to provide an in-depth review of the 

sustainability of field crop production and related engineering disciplines. 

The book provides a comprehensive review of engineering technologies applied in field 

crop production, taking into account the main challenges faced in agricultural production 

processes, particularly the objectives of increasing productivity and minimising environmental 

impacts. Innovative applications in key areas of agricultural engineering, such as tillage, 

irrigation systems, fertilisation methods and harvesting technologies, are improving the 

productivity of the agricultural sector while reducing environmental impacts. It also reveals 

how modern engineering approaches, such as biology, biotechnology and genetic engineering, 

have improved productivity in field crop production. Collaboration between agriculture and 

engineering disciplines is critical not only for the future of agriculture, but also for achieving 

global sustainability goals. The book aims to guide researchers, practitioners and decision 

makers towards building a sustainable future through in-depth analyses of innovative 

approaches and strategies in this field from various engineering disciplines such as mechanical 

engineering, computer engineering, electronic engineering and industrial engineering.  

We would like to thank all the authors who contributed to the preparation of this book 

and made invaluable contributions. 

 

Prof. Dr. A. Engin ÖZCELİK 

Assoc. Prof. Dr. Gülcan DEMİROĞLU TOPÇU 
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1. INTRODUCTION 

Wheat is one of the most essential food items in our diet, both globally and in Turkey, 

and historically, Turkey is considered the homeland of wheat. Due to Turkey’s geographical 

position as a gene center for wheat, it hosts a wide diversity of wild wheat species, wheat 

relatives, local wheat landraces, and modern cultivated wheat varieties, offering substantial 

diversity and richness in wheat. Preserving this genetic value and passing it on to future 

generations is crucial. The food security of future generations is closely linked to the 

conservation of the biological diversity of such a strategic crop as wheat. It is necessary to 

protect the thousands of years of economic, traditional, cultural, and social heritage associated 

with wheat and wheat products, which hold a strategic position for our country. (Atak, M., 

2017) 

Local varieties, which form an essential part of plant genetic resource collections and 

constitute significant germplasm in breeding programs due to their high diversity, play an 

important role. Local resources are invaluable for enriching the narrowing genetic base and are 

used as parents in breeding studies to develop varieties that are resistant to diseases, tolerant of 

stress conditions, and of high quality. 

Globally and in our country, the production opportunities for local varieties or landraces, 

which serve as the primary genetic material in breeding programs, have rapidly declined due to 

the record increase in human population, technological changes, and infrastructure 

developments (Frankel 1970). Even more interestingly, the genetic erosion of landraces has not 

been thoroughly investigated; it has generally been assessed indirectly by examining the spread 

of newly developed varieties. Studies conducted retrospectively in developed countries have 

found that modern varieties have rapidly displaced local landraces (Hammer 1996), and it has 

even been determined that 75% of the genetic diversity in cultivated plant species has been lost 

in the last century (Hammer 1996; Witcombe et al. 1999). 

This situation has similarly occurred in our country, starting in the 1950s, with the 

improvement of cultivation conditions (fertilization, irrigation, soil tillage, and widespread use 

of agricultural chemicals) and the development or introduction of new wheat varieties resistant 

to lodging. The production and distribution of certified seeds for these varieties led to the rapid 

replacement of local landraces, initially in coastal areas and later in the Central Anatolia and 

Transition Regions where winter and drought are intense. 

In addition to undergoing thousands of years of natural selection locally, these landraces 

were also selectively bred, though to a limited extent, by Turkish farmers to suit their own 

consumption habits. Generally, these varieties were selected according to organic farming 

conditions where plowing with a traditional plow, broadcast sowing, and harvesting with a 

sickle or scythe were common. Another significant factor was that farmers relied on post-

harvest residues (straw) as feed for their animals throughout the long winter. Considering these 

factors together, it is no coincidence that the local landraces of bread and durum wheat 

cultivated for thousands of years are tall, have long spikes, high thousand-grain weights, and 

quality characteristics suited to different regional consumption habits (such as bulgur, noodles, 

tarhana, ashure, etc.). With today’s genetic knowledge, the linear relationship between traits 

like plant height, spike length, grain size, and long awns shows that the natural and artificial 

selections made specifically for the dry and cold conditions of Central Anatolia and the 
Transition Regions represent an extraordinary success story. 
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Local landraces, which are the primary genetic source in breeding programs, have been 

intensively collected, identified, and utilized in breeding programs both in our country and 

globally, beginning in the 1900s (Salantur et al., 2017). 

This study was conducted to examine the quality characteristics of eight bread wheat 

landraces (Çalıbasan, Zerun, Kızılca, Kars Kırmızı, Kafkas Kızılı, E-Halil, Ak Buğday, Kırik 

Buğdayı) obtained from various regions of Turkey, as well as three standard varieties (Efe, 

Kayra, Meltem) planted for control purposes. 

 

 

Figure 1. An image of the bread wheat landraces and control varieties in the 

experimental field 

 

2. MATERIAL AND METHOD  

MATERIAL 

Research Site:  

This study was conducted in the field at the trial area of Ege University, Bornova Faculty 

of Agriculture, Department of Field Crops, during the 2023-2024 vegetation period (Figure 2). 
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Figure 2. Ege University Faculty of Agriculture, Department of Field Crops, Bornova 

Trial Area 

 

Climate Characteristics of the Research Site:  

Some climate characteristics of the research site are presented in Table 1. 

Table 1. Some climate characteristics of the research site 

 Air Temperature (ºC) Precipitation (mm) 

Month 2022-2023 Long-Term 

Average 

2022-2023 Long-Term Average 

December 

January 

15.8 

10.1 

13.8 

8.8 

70.6 

110.2 

109.7 

134.8 

February 11.2 9.6 87.5 102.4 

March 13.08 11.7 83.24 75.3 

April 15.7 15.9 76.25 46.0 

May 20.07 20.8 15.01 31.1 

June 29.8 25.4 56.67 13.1 

July 29.9 28.3 0.1 2.1 

Reference: General Directorate of Meteorology 

Soil Characteristics of the Research Site:  

The soil structure, chemical and organic matter contents of the experimental area during 

the 2023-2024 wheat growing season were analysed in the laboratory of the Soil Science and 

Nutrition Department of the Faculty of Agriculture of Ege University. The resulting soil 

analysis values are presented in Table 2. The soil is slightly alkaline, with no salinity risk, 

medium lime content, clay-loam texture, and low in organic matter and total nitrogen.  

Table 2. Some physical and chemical properties of the test soil 
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Plant Material:  

In this study, eight local bread wheat landraces collected from various regions of Turkey 

and three control varieties registered by the Aegean Agricultural Research Institute (AARI) 

were used. The genotypes used in the study are given in Table 3. 

Table 3. Bread wheat genotypes used in the study 

Landraces:  Source Control Varieties: Source 

Çalıbasan  

Zerun 

Kızılca 

Kars Kırmızı 

Kafkas Kızılı 

E-Halil 

Ak Buğday 

Kırik  

Yozgat 

Sivas 

Balıkesir 

Kars 

Çanakkale 

Kula 

Yozgat 

Erzurum 

Efe  

Kayra 

Meltem 

AARI 

AARI 

AARI 

*AARI: Aegean Agricultural Research Institute 

 

METHOD 

The trial was established as a randomized block design with three replications. 

⋅  Plot Size: 1.20 m x 5 m = 6 m² 

⋅  Row Spacing: 20 cm – 6 rows 

⋅  Seeding Rate: 550 seeds per m² 

⋅  Seeding Depth: 3-4 cm 

⋅  Seeding Date: December 27, 2022 

⋅  Harvest Date: July 13, 2023 

Depth 

(cm) 

Soil 

Reaction 

(pH) 

Total 

Salt 

(%) 

Lime 

(CaCO3) 

(%) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Texture 

Class 

Organic 

Matter 

(%) 

Total N 

(%) 

0-30 7,88 0,091 14,18 42,20 20,72 36,88 Slightly 

alkaline 

1,99 0,05 
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Figure 3. Parceling process in the experimental field         Figure 4. Manual row planting process  

 

Fertilization:  

Due to low nitrogen in the soil, 7 kg N (nitrogen), 5 kg P (phosphorus), and 5 kg K 

(potassium) per decare were applied. A base fertilizer of 15.15.15 Compound was applied, 

followed by urea (46%) during stem elongation. 

Herbicide Application:  

Dimetrin at 200 mL/da was used for weed control during the tillering stage, and manual 

weeding was also conducted (Figure 5). 

 

 

Figure 5. Pesticide application process in the experimental field 
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Harvest:  

The plants were manually harvested upon reaching physiological maturity and 

subsequently threshed using a mechanical threshing machine on July 13, 2023 (Figure 6). 

 

Figure 6. Wheats at the harvest stage 

 

Mesaured Traits  

The wheat varieties cleaned after harvest were processed using the NIR (Near Infrared 

Reflectance) Device located in the Quality Laboratory of the Department of Field Crops at Ege 

University Faculty of Agriculture to measure quality parameters (Figure 7). 

 

Figure 7. NIR (Near Infrared Reflectance) device   
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Near-infrared Reflectance (NIR) spectroscopy, based on the absorption of 

electromagnetic radiation in the wavelength range of 80-2500 nm, has recently emerged as an 

increasingly popular, rapid alternative technology in the analysis of food components that does 

not destroy the sample. This technique is used for quantitative analysis of various components 

in foods. Compared to other traditional methods, NIR has several advantages, including the 

elimination of the need for chemical use during analysis, low analysis cost, simultaneous and 

rapid (15-90 s) analysis of multiple components, reusability of the sample for other analyses 

after NIR analysis, and the requirement of only a small amount of sample (Ertugay et al., 2011). 

                 Wet Gluten: A high amount of wet gluten indicates that the flour has good baking quality. 

It refers to the amount and properties of gluten present in the protein. A high wet gluten content 

is an indicator of good bread-making quality in flour. Wet gluten content reflects the quantity 

and characteristics of gluten in the protein. This content decreases during rainy crop years, 

similar to the protein ratio, while in dry years during the grain filling period, it increases, again 

similar to the protein ratio (Caglar et al. 2006; Caglar et al. 2011). 

 Hardness: The hardness of the grain indicates a higher amount of gluten and good 

quality Grain hardness is one of the most important determinants of wheat quality because of it 

influences on the end-use quality and also yield. Hard or medium hard grain is preferred for 

manufacture of leavened and flat breads because the levels of damaged starch produced from 

these wheat classes are appropriate to achieve to high dough water absorption desired by the 

baker. Their strong flour doughs are also more suitable for mechanized production of leavened 

breads (Basciftci et al. 2015). 

Protein: Used as a criterion to determine the baking value of the grain and flour, it is 

considered the most important indicator of baking quality and loaf volume. The protein quality 

of wheat endosperm is the most crucial factor determining the baking quality of bread. Flours 

obtained from wheat grains with the same total protein content can produce very different 

results during baking due to differences in the quality of gluten proteins (Annet et al. 2007). A 

drier and hotter period after flowering in wheat leads to a decrease in grain weight and an 

increase in crude protein content (Panozzo and Eagles 2000; Ozturk et al. 2006; Bulut, 2009). 

Moisture (Humidity): Important for storage and milling. Excess water in wheat reduces 

its commercial value by decreasing dry matter content and makes storage more challenging, as 

it promotes germination due to bacterial and fungal activity. Many factors affect the moisture 

content in wheat, including cultivation and storage conditions as well as harvest timing (Elgün 

et al. 1998). It has been observed that grain moisture content is higher in years with more rainfall 

during the maturity period of wheat. The moisture content in Turkish wheat ranges from 8% to 

14%, with an average of 9% to 11%. The upper limit for moisture content in wheat is 14.6% 

(Ünal, 2002). 

Hektoliter: One of the quality criteria, it indicates the flour yield. The hectoliter weight 

changes depending on the size of the grain. As the grain size increases, the hectoliter weight 

decreases. In the presence of weeds, lower hectoliter weights are obtained, and flour yield 

decreases due to the competition of weeds with wheat for moisture and nutrients. In crop years 

dominated by hot and dry climatic conditions during the grain filling period, the shortened 

maturation period results in weak and small grains, leading to significantly lower flour yield 

values. As the proportion of small grains in wheat increases, flour yield decreases, while ash 

content rises (Shuey and Gilles, 1969). On the other hand, it has been reported that as flour 

yield increases, sedimentation value and gluten content decrease (Seçkin, 1975). The ash 

content in wheat is closely related to flour yield; flours with the same yield obtained from 
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different wheats may show very small variations in ash content, and a high ash content is not 

desired (Ünal, 2002). 

Sedimentation: A method used to estimate the protein content of wheat with the same 

gluten quality. High sedimentation indicates that the gluten holds water well. The Zeleny 

sedimentation value represents the volume of flour particles that settle after a certain period in 

a suspension prepared with flour and lactic acid solution. According to the TS 2004 wheat 

standard, for bread wheat, a Zeleny sedimentation value above 36 ml is considered very good, 

between 25-36 ml is good, between 16-24 ml is weak, and below 15 ml is poor. In Turkey, the 

sedimentation volume of different wheat varieties varies between 26.0 and 56.0 ml (Ozturk and 

Gokkus, 2008; Bayram et al. 2008). 

Falling Number: A parameter used to determine diastatic activity in wheat flour, 

important for gas produced during bread making, bread volume, bread texture, and bread color. 

A lower falling number is desirable. The falling number of wheat starch represents the time in 

seconds it takes for the starch in the flour to lose its viscosity due to the activity of amylase 

enzymes (Ünal, 2002). A falling number of 220-250 seconds is desirable in wheat (Diepenbrock 

et al. 2005). High rainfall during the yellow ripening (starch formation) period in wheat 

decreases the falling number (Erekul et al. 2009). Ünal (2002) states that if enzyme 

supplementation is not added to flours with falling numbers outside acceptable limits, bread 

volume and quality decrease, the dough does not generate sufficient gas, and the bread crumb 

becomes dense. 

Ash: Gives an idea about flour yield. As the whiteness of the bread increases, the ash 

content decreases. The Turkish Standards Institute (TSE) has classified flours into types based 

on their ash content. Ash content is used as a factor in flour classification. The crude ash content 

can vary depending on wheat varieties, climate, and soil conditions, and it decreases in drier 

crop years due to a reduction in available phosphorus (Elgün et al. 1999). As the whiteness 

degree of bread increases (with more bran and germ removed), the ash content is lower; as the 

whiteness degree decreases (with less bran and germ removed), the ash content is higher. 

Therefore, the highest ash content is found in flours with the least bran and germ removed. Ash 

content also indicates yield: for example, if the ash content is 0.65%, it roughly corresponds to 

a 650-yield bread flour; if the ash content is 0.55%, it corresponds to a 550-yield pastry flour; 

and if the ash content is 1%, it indicates high-ash flours such as whole wheat, chapati, and 

tandoori flour (Anonim 2012). 

Starch: A polysaccharide that serves as a storage carbohydrate in plants. It is formed by 

the storage of glucose. Cereal grains store energy in the form of starch. The starch content in a 

grain can vary between 65-70% of the grain’s dry weight. The chemical composition of wheat 

grains varies among varieties. Most technological parameters that describe seed quality are 

defined for human benefit (Mut et al., 2017). 

Fat: High fat content shortens the shelf life of the flour. 

Fiber: Increases the nutritional value of bread and supports digestion. The characteristics 

of grain fiber in bread wheat are crucial for both nutritional value and baking quality. Wheat 

grain primarily contains dietary fibers such as arabinoxylan and β-glucan, which vary 

significantly among different wheat varieties. Understanding these characteristics can enhance 

bread quality and health benefits. The following sections detail the key aspects of grain fiber in 

bread wheat. In terms of bran characteristics different wheat varieties exhibit variations in 

insoluble dietary fiber (IDF) and phytate content, affecting dough properties and bread quality. 

Hard wheat brans generally enhance water absorption and dough mixing time (Cai et al., 2014). 

When the inheritance of fiber traits is examined, there is significant genetic diversity in fiber 
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composition among wheat genotypes, which allows targeted breeding to increase fiber content 

in bread wheat (Shewry and Lovegrove, 2014)(Charmet et al., 2009). 

 

        Statistical Analysis 

Statistical analyses were performed using the TOTEM-STAT program, with differences 

among means determined by the Least Significant Difference (LSD) Test. The results were 

recorded in a unified data framework in Excel. 

 

3. RESULTS AND DISCUSSION 

In the thesis study conducted under Bornova’s ecological conditions, the quality 

parameters of local bread wheat landraces were measured and recorded using the NIR (Near 

Infrared Reflectance) device. 

The results of the analysis of variance for the means of squares concerning the examined 

traits are presented in the Table 4 below. 

 

Table 4. The results of the analysis of variance concerning the traits of wet gluten, 

hardness, protein, moisture, hectoliter, and falling number 

 

ns = not significant 

*= significant at the 5% alpha level 

** = significant at the 1% alpha level 

 

In terms of the examined traits, hardness, moisture, and hectoliter do not show differences 

among wheat varieties; however, wet gluten and protein are statistically significant at the 5% 

level, while falling number is significant at the 1% level. 

Source of 

Variation 

Degrees of 

Freedom 

Wet 

Gluten 

Hardness Protein Moisture Hektoliter Falling 

Number 

Genotype 10 10,9 39,5 2,1 0,07 441,9 6668,1 

Replication 2 5,5 26,1 0,9 0,08 88,2 1708,9 

Error 20 4,1 32,9 0,7 0,16 224,8 1158,2 

Total 32 6,3 34,5 1,2 0,13 284,1 2914,4 

F-value  2,61* 1,20 ns 2,78* 0,46 ns 1,96 ns 5,75** 
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The mean values and groupings for the bread wheat landraces and control varieties with 

respect to wet gluten, hardness, protein content, moisture, hectolitre weight, and falling number 

are presented in Table 5. 

Table 5. The mean values and formed groups for the traits of wet gluten, hardness, 

protein, moisture, hectoliter, and falling number 

Varieties Wet Gluten 

(%) 
6 groups 

Hardness 

(%) 

Protein 

(%) 
7 groups 

Moisture 

(%) 

Hektoliter 

(g/L) 

Fall Number (s) 
5 groups 

Çalıbasan 26.6 bcd 72.3 13.0 bcd 9.7 935.4 462.1 ab 

Zerun 26.2 bcd 62.0 (min) 13.5 abc 10.0 935.3 426.7 bc 

Kızılca 26.9 abc 71.3 13.1 bcd 9.7 920.2 489.3 a 

Kars Kırmızı 30.2 a (max) 67.4 14.6 a 9.6 907.4 422.1 bc 

Kafkas Kızılı 25.6 bcd 64.8 12.3 cd 9.8 926.6 474.8 ab 

E-Halil 28.1 ab 69.5 13.7 abc 9.7 904.1 421.8 bc 

Ak Buğday 25.0 bcd 73.0 12.3 cd 9.4 933.7 465.6 ab 

Kırik Buğdayı 27.7 abc 73.7 (max) 14.0 ab 9.5 923.1 354.8 d 

Efe (ST) 24.5 cd 67.4 12.5 bcd 9.9 929.5 382.2 cd 

Kayra (ST) 23.2 d (min) 68.6 11.7 d 9.7 903.6 447.2 ab 

Meltem (ST) 25.7 bcd 66.5 13.1 bcd 9.6 927.3 351.8 d 

Landrace 

Average 

27.1 69.2 13.3 9.7 923.2 439.6 

CV Average 24.5 67.5 12.4 9.7 920.1 393.7 

Total Average 26.3 68.8 13.1 9.7 922.4 427.1 

LSD (0.05) 3.4 9.7 1.4 0.6 25.5 57.9 

*CV: control varieties 

The average value for wet gluten in the landrace is 27.1, while the standard varieties have 

an average of 24.5. The overall average for the study is 26.5. In a study conducted in 2017, the 

variety average was found to be 28.8 (Keçeli et al., 2017). Kars Kırmızı recorded the highest 

wet gluten value, 30.2%, while the lowest value, 23.2%, was recorded by the Kayra variety.  

In terms of hardness, the landrace average (69.2) was higher than the standard variety 

average (67.5). The overall average was found to be 68.8. The Kırik wheat recorded the highest 

hardness value, 73.7%, while the lowest value, 62%, was recorded by the Zerun.  

For protein, the landrace average (13.3%) was higher than the standard variety average 

(12.4%). The general average value was 13.1%. The highest protein content, 14.6%, was found 

in the Kars Kırmızı, while the lowest content, 11.7%, was found in the Kayra standard variety. 

The protein content, which plays a key role in determining the quality of wheat (Sade, 1997), 

varies between 6-22% depending on the variety and environmental conditions (Ünal, 2002). 

The quality of the protein is as important as its proportion as a quality criterion. In a study by 

Baker et al., (1971), it was noted that protein content, water absorption value, and dough 
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development time are positively related to bread volume. In a study by Şahin et al. (2013), a 

positive and significant relationship between protein content and bread volume was found. He 

and Hoseney (1992), in their study using flours with the same protein structure but different 

protein contents, demonstrated a linear relationship between protein content and bread volume 

and found that protein content positively affects development time and extensibility values.  

Regarding moisture, both the landrace and standard variety averages were the same, at 

9.7%. The highest moisture content, 10%, was found in the Zerun, while the lowest content, 

9.4%, was found in the Ak Buğday. In a study conducted to determine the variation of physical 

and chemical criteria of bread wheat and durum wheat produced in Konya Province and traded 

at the Commodity Exchange, according to years and subregions, the average moisture content 

of bread wheat in 2015 was 15%, while the regional average value was 9.98% (Paran et al., 

2018).  

For falling number, the landrace average was 439.6s, while the standard variety average 

was 393.7s. A high falling number is not considered desirable for quality. Therefore, the 

standard variety showed a better value in this respect. The highest falling number, 489.3s, was 

recorded by the Kızılca, while the lowest, 351.8s, was recorded by the Meltem standard variety. 

Falling number is a parameter used to determine diastatic activity in wheat flour and is 

important in terms of the amount of gas to be formed during bread making, bread volume, 

crumb texture and bread color (Bulut 2012). It is desired that the falling number is not too high 

as an indicator of normal enzyme activity in wheat varieties. It is desired that the falling number 

in wheat is between 220-250 s (Diepenbrock et al. 2005). In their studies, Loje et al. (2003) 

reported the average falling number of Triticum monococcum (einkorn) wheat as 362 seconds 

and the average falling number of Triticum dicoccum (emmer) wheat as 436 seconds. In the 

analyses conducted by Zengin (2015), the average falling number of Triticum monococcum 

(einkorn) wheat was determined as 344 seconds and the average falling number of Triticum 

dicoccum (emmer) wheat as 400 seconds. Breads made with flours with insufficient amylase 

activity have a small volume, insufficiently developed and heterogeneous pore structure. The 

crust colors are light and dull (Altan, 1986). 

Considering the averages, the landraces showed superior characteristics in terms of wet 

gluten, hardness, protein, hectoliter, and falling number compared to the standard varieties. The 

Kars Kırmızı landrace had the highest wet gluten and protein content. In terms of hardness, the 

Ak Buğday, Kırik, and Çalıbasan landraces had similar and the highest values. The highest 

hectoliter values were recorded in the Çalıbasan and Zerun, and the highest moisture content 

was found in the Zerun landrace. The landrace with the maximum falling number was Kızılca 

landrace. 

The results of the analysis of variance for the means of squares concerning the examined 

traits are presented in the Table 6 below.  
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Table 6. The results of the analysis of variance concerning the traits of sedimentatiton, 

ash, starch, fat, and fiber 

Source 

of Variation 

Degrees of  

Freedom 

Sedimentation Ash Starch Fat Fiber 

Genotype 10 137,5 0,1 4,5 0,14 0,3 

Replication 2 58,1 0,02 0,2 0,11 0,07 

Error 20 33,4 0,06 0,8 0,12 0,06 

Total 32 67,5 0,08 1,9 0,13 0,1 

F-value  4,11** 2,04 ns 5,16** 1,20 ns 4,66**  

 

The analysis revealed no significant differences between wheat varieties in terms of ash 

and fat content. However, sedimentation, starch, and fiber content were found to be statistically 

significant at the 1% level. 

The mean values and groupings for the bread wheat landraces and control varieties with 

respect to sedimentation, ash, starch, fat and fiber are presented in Table 6. 

Upon examining Table 6, the average sedimentation value for landraces is 38.9 ml, 

whereas the average for standard varieties is 36.5 ml. The overall mean value for the study is 

38.2 ml. The highest sedimentation value was observed in the Kars Kırmızı landrace, at 46.1 

ml, while the lowest value was recorded in the Kafkas Kızılı landrace, at 23.1 ml. 

Table 7. The mean values and formed groups for the traits of sedimentation, ash, starch, 

fat and fiber 

Varieties Sedimentation (ml) 
6 groups  

Ash (%) Starch (%) 
4 groups 

Fat (%) Fiber (%) 
2 groups 

Çalıbasan 40.6 ab 1.9 48.7 ab 4.6 5.6 b 

Zerun 35.4 bc 2.1 49.3 ab 4.1 5.6 b 

Kızılca 41.1 ab 1.8 48.8 ab 4.5 5.7 b 

Kars Kırmızı 46.1 a 2.1 48.4 ab 4.6 5.8 b 

Kafkas Kızılı 23.1 d 2.3 45.3 c 4.1 6.6 a 

E-Halil 45.8 a 2.0 48.5 ab 4.9 5.7 b 

Ak Buğday 37.8 abc 1.7 49.1 ab 4.7 5.4 b 

Kırik Buğdayı 40.9 ab 2.4 49.8 a 4.8 5.6 b 

Efe (ST) 38.8 abc 2.0 49.8 a 4.4 5.4 b 

Kayra (ST) 29.6 cd 1.9 48.0 b 4.4 5.6 b 

Meltem (ST) 41.2 ab 1.9 48.5 ab 4.5 5.5 b 

Landrace Average 38.9 2.1 48.5 4.5 5.7  

CV Average 36.5 1.9 48.7 4.4 5.5 

Total Average 38.2 2.0 48.5 4.5 5.7 

LSD (0.05) 9.8 0.4 1.5 0.5 0.4 

 

For ash, the landrace average is 2.1%, while the standard variety average is 1.9%. The 

general average is 2.0%. The highest ash value, 2.4%, was recorded by the Kırik, while the 

lowest value, 1.7%, was recorded by the Ak Buğday. 

Regarding starch, the landrace average is 48.5%, which is lower than the standard variety 
average (48.7%). The general average value is 48.5%. The highest starch content, 49.8%, was 

found in the Kırik and Efe, while the lowest content, 45.3%, was found in the Kafkas Kızılı.  
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In terms of fat, the landrace average is 4.5%, while the standard variety average is 4.4%, 

showing similar values. The highest fat content, 4.8%, was recorded by the Kırik, while the 

lowest, 4.1%, was recorded by the Kafkas Kızılı. 

For fiber, the landrace average is 5.7%, while the standard variety average is 5.5%. The 

Kafkas Kızılı recorded the highest value, 6.6%, while the Ak Buğday recorded the lowest value, 

5.4%. 

Considering the averages, the landraces showed superior characteristics in terms of 

sedimentation, ash, fat, and fiber compared to the standard varieties. The sedimentation value 

for the Kars Kırmızı is the highest among all varieties. The highest ash and fat contents were 

found in the Kırik wheat, while the highest fiber content was found in the Kafkas Kızılı. The 

highest starch content was found in the local Kırik wheat and the control variety, Efe. 

In this study, based on the quality characteristics measured using the NIR device, the local 

wheat genotypes exhibited superior values in several traits compared to the control varieties. It 

is anticipated that these genotypes, which demonstrate favorable characteristics under the 

ecological conditions of Bornova, could be valuable for use in breeding programs and/or 

agricultural production by farmers. 

Considering the protein and wet gluten levels, which are critical determinants of baking 

quality, the bread wheat landraces demonstrated superior traits compared to the control 

varieties. It can be recommended that these bread wheat landraces be grown and used in 

ecological environments similar to Bornova. More comprehensive and long-term studies are 

needed for this. 

       

4. CONCLUSION AND FUTURE PERSPECTIVES 

Considering the mean values and resulting groupings, the protein content, a key 

determinant of baking quality, was highest in the Kars Kırmızı, with a value of 14.6%, making 

it the top-performing variety. On average, the protein content of the landraces (13.3%) 

surpassed that of the standard varieties (12.4%). 

In terms of fiber content, Kafkas Kızılı showed the highest value at 6.6%, distinguishing 

itself from other wheat landraces and varieties. 

Regarding the examined traits, Kars Kırmızı stood out with the highest values in wet 

gluten (30.2%), protein (14.6%), and sedimentation (46.1 mL), outperforming other landraces 

and standard varieties. 

The falling number, a parameter used to determine diastatic activity in wheat flour and 

important for bread color, should be low, and the Meltem standard variety showed the lowest 

value (351.8 s), standing out among the other bread wheat varieties. 

In conclusion, the bread wheat landraces demonstrated superior average values compared 

to the standard varieties across several key quality parameters, including wet gluten (27.1%), 

hardness (69.2%), protein content (13.3%), sedimentation (38.9 mL), fiber (5.7%), and 

hectoliter weight (923.2 kg/L). These superior values suggest that the local landraces possess 

enhanced baking and milling quality, which are critical factors for both bread-making 

performance and flour processing. The higher protein content and wet gluten levels, in 

particular, are crucial for improving dough strength and bread volume, while the increased 

sedimentation and fiber content can contribute to the nutritional value and overall quality of the 

final product. 
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Given these advantages, the local wheat genotypes not only demonstrate their potential 

for improving wheat quality under the specific ecological conditions of Bornova but also offer 

valuable genetic resources for future breeding programs aimed at developing wheat varieties 

with superior baking and processing qualities. Furthermore, these landraces, with their robust 

performance across multiple quality parameters, could be considered for broader cultivation in 

similar agro-ecological zones, benefiting both farmers and the milling industry. This research 

highlights the importance of preserving these landraces and using them in agricultural practices 

to ensure the production of high-quality wheat products, thereby contributing to food security 

and the sustainability of local agricultural systems. 
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1. INTRODUCTION 

 

Phacelia (Phacelia tanacetifolia Benth.) is an annual herbaceous plant (herbacea) 

belonging to the Hydrophyllaceae family, not belonging to the legume family, also known as 

Phacelia. Phacelia is native to Mexico and the south west region of America. In Europe, it can 

be widely cultivated as a cover crop and bee pasture, also known as honey pasture. Since our 

country is one of the rare countries with rich flora and fertile soils, the cultivation and 

interpretation of phacelia in our country has an important potential. Phacelia tanacetifolia 

Benth. is a very valuable, high quality and rich pollen and nectar source for bees. Honey 

obtained from phacelia  stands out with its quality and flavor. In addition, phacelia has a rich 

range of uses such as animal feed, green fertilizer, landscape and ornamental plants, soil 

improvement, erosion control. 

Characteristics of Phacelia tanacetifolia Benth 

Phacelia, native to California, is an annual herbaceous plant of the Hydrophyllaceae 

family, growing 60-120 cm tall. The chromosome number is 2n= 18 (Tyebbes, 1986.). The stem 

is covered with spiny hairs. Leaves are arranged alternately on the stem. Inflorescences are 

terminal and emerge from the upper part of the stem. As the growth period progresses, it 

branches from the stem close to the soil and develops horizontally. 

Phacelia seeds require a temperature of 3-20 °C for germination. The first flowering in 

Phacelia tanacetifolia starts at the bottom of the panicle and lasts about 1 week towards the top. 

The flowering period can last about 1 month for a plant and 2 months for a field. Phacelia 

tanacetifolia is a long day plant and requires a day length of 13 hours for flowering to occur. 

Flower density per unit area is high and flowering period is long. (Williams and Christian, 1991) 

reported that the flower density of phacelia is 2000-4000 flowers/m2. This level of flowering is 

not seen in most field crops (Sağlamtimur et al.,1988) found that under the conditions of 

Çukurova Region, phacelia is a suitable plant to utilize the 78 months idle period before cotton 

sowing and the number of flowers per square meter reached 9250. Fruits are capsule-shaped 

with many seeds inside. The seeds are brown and the thousand grain weight is 2-2.5 grams. 

The flowers are usually light purple in color. One Phacelia tanacetifolia flower secretes 0.81.62 

mg of nectar per day under various environmental conditions, especially climate and 

fertilization. Depending on the strength of the colony, 5-9 kg of Phacelia tanacetifolia honey 

mailto:bulent.budak@ege.edu.tr
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can be harvested in a good season, and honey yield per decare varies greatly, but is between 

30100 kg. Phacelia tanacetifolia 13 species are known and 5-6 species are important for 

beekeeping. 

Phacelia is also suitable as a winter cover crop that leaves the field in spring without 

leaving much residue. For this reason, it is a good rotation plant. Although it has abundant mass 

production potential, the plant is damaged at temperatures below 0 °C. In Europe, it has gained 

importance as a fall/winter cover crop before potatoes (Gilbert, 2003). 

Figure 1. General view of   Phacelia (Anonymous, 2024a) 

 

2. ADAPTATION  

Phacelia tanacetifolia plant is not very selective in terms of soil requirements, it is 

successfully grown in various soil types. The pH level of the soils where Phacelia tanacetifolia 

will grow should be between 6.4-8.6. It is a plant that can adapt very well to many soil mixtures. 

However, moist and heavy soils reduce the percentage of emergence. It is grown as winter crops 

in temperate regions with low altitude and as summer crops in regions with cold winters. In 

European countries, it is sown in early autumn to limit nitrate leaching caused by excessive 

nitrogen fertilization (Gilbert, 2003). Winter mortality occurs at -7 °C. It should be sown in 

October-November in the Mediterranean climate and in April-May in Eastern Anatolia. It can 
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be grown without irrigation where spring rainfall lasts long. However, when summer sowing is 

done in arid regions, irrigation should definitely be done in order to prolong flowering and delay 

seed maturation in the plant. Irrigation should be started with the end of spring rains. 

Since Phacelia tanacetifolia seeds are small, good seedbed preparation is of great importance. 

When sowing, a gap of 20-70 cm should be left between the rows. Under irrigated conditions 

wet grass yield was obtained as 1116 kg/ha and dry grass yield as 305 kg/ha with 50 cm row 

spacing between plants. The amount of seed to be sown per decare should be 1-1.5 kg/ha. 

Sowing depth should be kept between 1-2 cm. The amount of seed should be slightly increased 

in broadcast sowing (Sağlamtimur et al., 1988). For Phacelia tanacetifolia, 5-6 kg pure nitrogen 

and 5-6 kg/da phosphorus fertilizer should be applied per decare (Sağlamtimur et al., 1989). 

For silage production, mowing can be done at the beginning of the flowering period. 

However, after being left to develop in the field and used as bee pasture for 1.5-2 months, it is 

more economical to make silage by mowing in the period when the flowers decrease. After 

being used as bee pasture, silage can be made by mowing the plants and adding additives. In 

Phacelia tanacetifolia pasture, honey yield can be increased 2-3 times in each colony. The 

honey (bean honey) obtained from Phacelia tanacetifolia is of high quality. Nectar secretion is 

0.800.85 mg/flower/day, honey potential is 30-100 kg/ha and pollen yield is 0.5 mg/flower 

(Crane, 1975). 

The most important point to be considered in harvesting Phacelia tanacetifolia seeds is 

to harvest the ripened seeds before they fall on the land. For this purpose, when the 

inflorescences turn brownish, the plants are mowed and collected in one place and spread to 

dry. The seeds are separated by beating the dried plants with wooden sticks or driving a tractor 

over them. After this work, the seeds are separated from the plant residues with the help of 

wind. Phacelia seed yield per decare is 50-60 kg depending on conditions such as variety, 

climate and soil. Green grass yield varies significantly between 332-3458 kg/ha depending on 

climate and cropping type. (Sağlamtimur et al.,1988) 

Phacelia tanacetifolia Benth is sown in rows 20-30 cm apart. Seed amount is 1-1.5 kg/ha 

and sowing depth is between 1-2 cm. 5 kg each of pure nitrogen and phosphorus fertilization 

should be applied per decare. There is no need to spray against any diseases and pests in phacelia 

cultivation (Korkmaz,  2009). 
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Figure 2.  Phacelia tanacetifolia Benth. Leaf (Anonymous (2024b) 

 

 

Figure 3.  Phaceli tanacetifolia Bent. flowers (Anonymous (2024a).   
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Phacelia tanacetifolia is one of the 20 most preferred honey plants by honey bees and is 

one of the top 20 honey plants in the world as a pollen source (Demiroğlu Topçu and Özkan, 

2020; Kumova and Korkmaz 2002; Gilbert, 2003; Bato, 2024). It is used as bee pasture in 

countries such as the USA, Germany, Russia and Serbia. Plants such as mustard, geven, sainfoin 

and thyme are highly preferred by bees. However, Phacelia tanacetifolia Benth is more visited 

by honey bees because it flowers longer than these plants. It is more common to use Phacelia 

tanacetifolia as a source of pollen and nectar for bees by extending the flowering period by 

planting it on different dates (Ozkan, 2014; Kumova, and Korkmaz, 2002). Phacelia 

tanacetifolia is an important nectar source for wild bees such as bumblebees (Korkmaz, 2009). 

Honey bees visit the bumblebee 22% of the time and bumblebees 3% of the time to collect 

pollen. On the other hand, bumblebees visit phacelia 97% of the time to collect nectar (Williams 

and Christian, 1991). According to the researches, 2 honey bee hives can benefit from 1 decare 

of land. In addition, since the plant is resistant to diseases and pests, pesticides are not used in 

its cultivation. Therefore, this plant offers great opportunities for organic honey production. 

Phacelia tanacetifolia Benth, known by beekeepers all over the world as a very good nectar 

source, is among the top 20 nectar plants in the world (Crane, 1975), with a nectar secretion of 

0.800.85 mg/flower/day, honey potential of 30-100 kg/da; pollen yield of 0.5 mg/flower and 

pollen potential of 13.3 kg/da (Crane,et al., 1984). Although the flowering period varies 

depending on many factors such as climate and variety, it is approximately 1 month for a plant 

and 1.5-2 months for a field. Phacelia tanacetifolia Benth flower has 5 anthers and a two-part 

female organ. The color of the petals varies from white to bluish pink depending on the variety 

(Williams and Christian, 1991). 

In addition to these uses of Phacelia tanacetifolia Benth., its ability to attract insects has 

been the source of various studies. Today's agricultural practices are developing to the extent 

of destroying nature in order to increase productivity and this situation causes the feeding areas 

of beneficial insects to shrink. In order to eliminate the negativities brought about by 

unconscious agriculture in large areas or in a way that disrupts the natural balance, new feeding 

areas are created by creating pastures from the mixtures of Phacelia tanacetifolia Benth. with 

various plants. In this way, the plant ecosystem is tried to be developed and the insects that 

shelter on the plant ecosystem and pollinate many plants will also survive in this process. 
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Figure 4. Phacelia tanacetifolia Benth. unpollinated appearance Anonymous (2024a).   

 

Phacelia tanacetifolia Benth is planted around the plants and between the rows in order 

to attract pollinators to some plants that have problems in pollination due to the fact that they 

are not attractive enough for pollinators and do not provide sufficient food sources. In this case, 

in parallel with providing additional food source for honey bees, plant producers increase their 

profitability by increasing their crops. In addition, at the end of flowering, plowing the 

cultivated plants and mixing them into the soil contributes to the improvement of the soil 

structure. Chemicals are even used to remove pollinators from Phacelia tanacetifolia Benth. as 

it is highly attractive to some plants (Long et al., 1998). 

Phacelia tanacetifolia can be used to feed animals after flowering, either fresh or dried. 

However, since the plant becomes more difficult for animals to digest in the later stages of 

flowering, some additives  may need to be added to the phacelia during silage making, which 

is a type of feed. 
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Figure 5. P. tanacetifolia Benth. from seed  Anonymous (2024c).   

 

Figure 6. P.tanacetifolia Benth. view from seed Anonymous (2024c).   

 

Phacelia tanacetifolia is harvested mainly for the purpose of using the plant as animal 

feed. For this reason, phacelia should be harvested when its nutritional value is at its highest. 

This period coincides with the budding and half-flowering period of the phacelia. In this way, 

it is observed that the grass is more efficient in terms of protein, fat and fiber. 
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Apart from being used as bee pasture and forage, since it grows on rocky and stony lands, 

it can be used as a green manure plant for the improvement of poor soils and as a cover crop 

for erosion control It is also used as an ornamental plant. Since Phacelia tanacetifolia Benth is 

attractive to many insects, it can be used as a trap plant in biological control against pests 

damaging cultivated plants (Sağlamtimur et al., 1988; Korkmaz, 2009).  After the pest 

population concentrates on Phacelia tanacetifolia, the plants are harvested and destroyed en 

masse. Thus, the damage to the ecosystem by using agricultural pesticides is eliminated (Kahl, 

1996). 

It has given very positive results when used in intercropping with maize and sugar beet, 

as a subcrop in vineyards and apple orchards, and as mulch in stubble in tomato fields 

 

REFERENCES 

Anonymous (2024a). https://www.inaturalist.org/taxa/58185-Phacelia-tanacetifolia 
 

Anonymous (2024b). 

https://www.freenatureimages.eu/plants/flora%20or/Phacelia%20tanacetifolia/index.html#Phacelia%2

520tanacetifolia%252019%252C%2520Phacelia%252C%2520Saxifraga-Sonja%2520Bouwman.jpg 

 

Anonymous (2024c). https://gobotany.nativeplanttrust.org/species/phacelia/tanacetifolia 

 

Bato, E. (2024). The Importance and Uses of Phacelia. Journal of Animal Science and 

Economics, 3(1), 17-22. 

 

Crane, E., (1975), Honey: A Comprehensive Survey. Heinemann in Co-operation with 

International Bee Research Association. London. UK. 608 pp. 

 

Crane, E., Walker, R. Day. (1984), Directory of Important World Honey Sources. Inter- national 

Bee Research Association, London, UK, 384 pp. 

 

Demiroğlu Topçu, G., Özkan, Ş.S. (2020). The important of bees in rangelands. Innovative 

Approaches in Meadow-Rangeland and Forage Crops, Iksad Publishing House, Editır.Seyithan 

Seydoşoğlu, Chapter 14, Iksad Publishing House, 315-333 pp.Ankara. 

 

Gilbert, L., (2003). What We Knom About İts Suitability As An Insectary Plant And Cover in 

The Mid-Atlantic Region, Small Farm Success Project, Susta- inable Agricultural Sysmems 

Lab., USDA. 

 

Kahl, H., (1996). Border Strip Planting to Enhance Biological Control of the Cabbage Aphid, 

Brevicoryne brassicae (L.) by Hoverflies (Diptera: Syrp- hidae). Christ. Polyt. Inst. of Tech.  

 

Korkmaz, A., (2009). Phacelia Cultivation Republic of Turkey Samsun Governorship 

Provincial Directorate of Agriculture. Samsun. 

 

https://www.inaturalist.org/taxa/58185-Phacelia-tanacetifolia
https://www.inaturalist.org/taxa/58185-Phacelia-tanacetifolia
https://www.freenatureimages.eu/plants/flora%20or/Phacelia%20tanacetifolia/index.html#Phacelia%2520tanacetifolia%252019%252C%2520Phacelia%252C%2520Saxifraga-Sonja%2520Bouwman.jpg
https://www.freenatureimages.eu/plants/flora%20or/Phacelia%20tanacetifolia/index.html#Phacelia%2520tanacetifolia%252019%252C%2520Phacelia%252C%2520Saxifraga-Sonja%2520Bouwman.jpg


 

29 

 

Kumova, U., Korkmaz, A., (2002). Research on Bee Forage Plant (Phacelia tanacetifolia 

Bentham) in Turkey and its Importance in Beekeeping. Uludag Bee Journal2(1):11- 16 

 

Long, R. F., Corbett, A., Lamb, C., Reberg-Horton, C., Chandler, J., Stimmann, M., 1998. 

Beneficial Insects Move from Floering Plants to Nearby Crops.California Agriculture. 

52(5):23-26. 

 

Ozkan, U.,(2014), Importance of Phacelia (Phacelia tanacetifolia Benth.), Its Cultivation, 

Studies Conducted in Our Country and the World, Agricultural Engineering. Sayı: 361 

 

Sağlam, T., Tansı, V., Baytekin, H. (1988). Cultivation of Fodder Crops.Çukurova Univwersity 

Agriculture Faculty, No.74, Adana. 

 

Sağlamtimur T., Tansı, V., Baytekin H., (1989). A study on the effect of cutting time on plant 

height and hay yield in Phacelia (Phacelia californica Cham) grown as winter catch-up crop in 

Çukurova Conditions. Journal of Çukurova University Faculty of Agriculture, 4 (1) Pg.76-83.  

 

Sağlamtimur, T., Tansı, V., (2009), Phacelia (Phacelia tanancetifolia Bentham), Republic of 

Turkey Ministry of Agriculture and Rural Affairs, General Directorate of Agricultural 

Production and Development, Forage Crops Book. Pg 779-783. 

 

Tyebbes K,., (1986). The chrosome number of some flowering plants. Instutition For Sugarbeet 

Research, Hilleshög, Landskrona. Sweden. Sf 328-331 

 

Williams, I.H., Christian, D.G., (1991). Observations on Phacelia tanacetifolia Bentham 

(Hydrophyllaceae) as a Food Plant for Honey Bees and Bombus Bees .Journal of Apicultural 

Research 30(1): 3-12. 

 

 



30 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

 

CLASSIFICATION OF MATH EXAM RESULTS OF 10th GRADE 

STUDENTS USING PHYSIOLOGICAL PARAMETERS WITH 

MACHINE LEARNING ALGORITHMS 

 

 

Assoc.Prof.Dr. Muhammet Serdar BAŞÇIL1, Ayşe Nur BAK2 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 
 
 

1Selcuk University, Technology Faculty, Biomedical Engineering Department, Konya, Turkey 

Orcid: 0000-0002-6327-854X, serdar.bascil@selcuk.edu.tr 
2Selcuk University, Institue of Science, Biomedical Engineering Department, Konya, Turkey 

Orcid: 0009-0002-8949-3608, aysnurvural@gmail.com 
 

http://serdar.bascil@selcuk.edu.tr
http://aysnurvural@gmail.com


31 
 

1. INTRODUCTION 

 

In today’s world, the effects of the rapidly developing information and technology age 

are evident in every field. With the impact of these developments, keeping up with these 

changes, which have become a common goal for countries, will be possible not only by 

strengthening the technological infrastructure, but also by raising individuals who understand 

and use these innovations and can shape the future. One of the most important steps to achieve 

this goal is to adapt the education system to technology. Raising individuals who can use 

technology effectively, have critical thinking and problem-solving skills will be the guarantee 

of the future development of societies. In addition, being able to follow scientific and 

technological developments will ensure that countries are in a strong position in global 

competition. As a result, each individual's ability to comprehend technological developments 

and integrate these developments into their lives will play a critical role in the sustainable 

development of societies (Karamustafaoğlu et all., 2012). 

Ateş, Keskin and Çotuk, in comparisons made for manager and engineer categories, found 

statistically significant differences between managers and engineers for heart rate change values 

(Ateş et all., 2017).  

Asgarpour and Yavuz, according to the results of their studies, stated that increases in 

body temperature caused a decrease in arterial blood pressure average and oxygen saturation 

values and an increase in pulse rate. Based on these findings, it can be commented that the 

applicability of measurement tools can be explained by physiological parameters (Pour and 

Yavuz, 2010). 

Çoban, with his study, is a research that aims to increase computational thinking skills 

and this is done with a performance-based method. According to the determined measurement 

tool results, it was stated that there were differences depending on gender but there was no 

significant difference according to class levels. In the study, computational thinking skills can 

be measured safely and validly thanks to the online performance measurement tool (Çoban, 

2021). In the study, it was stated that the interactive web application developed to determine 

computational thinking skill levels measured better than the psychometric scale. 

Studies on the evaluation of mathematics exams generally focus on teacher opinions, the 

effectiveness of question types, and student performance evaluation. In the evaluation of high 

school exams, exam analysis methods are used to examine student performance in detail. In this 

process, statistical methods such as mean, median, and mode are applied to determine the 

strengths and weaknesses of the student. Exam analyses are used to develop strategies for 

improving learning processes (Totan, 2018). 

Totan conducted a study examining the validity and reliability of the Westside Test 

Anxiety Scale to assess test anxiety in high school and middle school students. This research 

contributes to the lack of psychometric tools for the measurement of test anxiety and supports 

the applicability of the scale to Turkish students. The study shows that it provides a valid and 

reliable tool for understanding test anxiety in high school students (Totan, 2018). 

In the study conducted by Yavuz and Bilgeç, the contributions of open-ended questions 

to the measurement and evaluation processes in mathematics exams were examined. While 

open-ended questions can better measure students' problem-solving skills and conceptual 

understanding levels, they can make the evaluation process more difficult for teachers. The use 

of these questions is recommended because they improve students' critical thinking and 

interpretation skills (Yavuz and Bilgeç, 2016) 

Sadık and Bal conducted an evaluation on the types of questions and measurement-

evaluation methods used by mathematics teachers in exams. Although most teachers try to use 

questions that develop students' thinking skills, it has been observed that in practice they mostly 



32 
 

tend to use multiple choice or short answer questions. Teachers prefer open-ended questions 

less due to time constraints and concerns about objective evaluation (Sadık and Bal, 2017). 

Bayırlı et al. measured the physiological reactions of students during mathematics exams 

and examined how these reactions were related to anxiety and stress. In the study, physiological 

variables such as heart rate, sweating, and blood pressure of students were monitored and the 

relationship between these parameters and their exam success was analyzed. In particular, it 

was found that high anxiety levels could negatively affect students' exam performance (Bayırlı 

et all., 2021). 

In most studies, what needs to be done to improve measurement and evaluation in 

education has been investigated using traditional methods and the parameters on which student 

success depends have been examined. The connections between student success and parameters 

such as gender, age, chosen department, sociological differences, genetic predisposition, 

education received, etc. have been examined. However, no study using physiological data has 

been found to improve measurement and evaluation tools. In this study, the connection between 

the success rates of mathematics exams applied to 10th grade high school students and 

physiological parameters and the effects of these parameters on each other have been 

investigated. The study will provide support to teachers in the evaluation of question difficulty 

levels. It is seen that faster, more reliable and more accurate results will be obtained in the 

classification of exam difficulty levels with this method. 

 

2. MATERIALS 

 

2.1. Dataset 

 

It was conducted with a cluster consisting of 10th grade students of Meram/Konya 

Vocational and Technical Anatolian High School who participated in the study on a voluntary 

basis and who did not have any chronic diseases and did not have a special education report 

within the scope of BEP. Physiological parameter data were obtained from 36 students while 

answering a mathematics exam with a Masimo Rad-G pulse oximetry device and Kanz 

thermometer. These physiological parameters were SpO2, PR(bpm), RRp(rpm), PVi, Pi and 

C°. These students were randomly divided into 2 groups during the exam phase. The aim here 

is to compare the similarity of the exam questions directed to the students. In this direction, 15 

different data were recorded from each student for each question, and the dataset size obtained 

from each group consists of a matrix in the format of 1350x6. 

Here, Spo2 is the oxygen saturation in the blood. It is expressed as the percentage of 

hemoglobin that can carry oxygen. PR (bpm) is the pulse rate, that is, it is expressed as the 

heartbeat felt in the arteries. RRP (rpm) is the respiratory rate and expresses the number of 

respirations per minute (rpm). Pi is the circulation rate or perfusion index. It is the ratio of 

pulsatile blood flow in the peripheral tissue to nonpulsatile or static blood flow. In other words, 

it is known as the noninvasive measurement of peripheral perfusion obtained continuously and 

noninvasively from the pulse oximeter. PVi is the fluid response. Fluid response (PVi) is a 

measurement of the dynamic changes in the Perfusion Index (Pi) that occur during the 

respiratory cycle. C° is the body temperature and also constitutes the balance of metabolic 

reactions of the organism (Rad-G, 2021), (Çakır et all., 2017), (Kuzu et all., 2017). 

Exams refer to the application carried out to monitor their development over the years, to 

evaluate them with grades or to determine their passing status. Exam questions were prepared 

in the form of a written examination consisting of open-ended and short-answer questions 

within the scope of the Written and Applied Exams Directive published by the Ministry of 

National Education, updated on 12.10.2023, and within the framework of previously announced 

scenarios (32304-Resmi Gazete, 2021). 
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Therefore, in this study, open-ended and short-answer short-term written questions were 

asked to the students within the scope of the scenarios announced to them, taking into account 

the level and readiness of the students. The exam questions were obtained from the common 

exam questions of mathematics, which were conducted in the butterfly system at Konya 

Vocational and Technical Anatolian High School, where the physiological data were obtained 

from. Thus, questions suitable for the student's readiness and level were used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Data Acquisition Flow 

As shown in Figure 1, 5 questions were asked to each student in the exam. For each 

question, a total of 15 data were recorded from each student with a Masimo Rad-G pulse 

oximeter and thermometer every 2 seconds for 30 seconds, and a 10-second waiting period was 

given between questions. 

 

2.2. Evaluation and Class Scale 

 

Each of the 5 questions asked to the student during the exam is worth 20 points and the 

exam is evaluated out of 100 (one hundred) points. The exam evaluation was made according 

to a graded answer key. The grades given to the answers given by the students were classified 

as 0-8 points as difficult questions, 9-14 points as normal questions and 15-20 points as easy 

questions, as shown in Figure 2. 

 

 

 

Figure-2. Evaluation and Class Scale 
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3. METHOD 

 

The machine learning process can detect patterns and relationships in the dataset and 

estimate the difficulty levels of the questions according to the new input data. At this stage, the 

recorded physiological parameters are first normalized as shown in equation 1 in order to obtain 

faster results with machine learning algorithms. 

 𝑋𝑠
norm =  

 𝑋𝑠− 𝑋𝑚𝑖𝑛

 𝑋𝑚𝑎𝑥− 𝑋𝑚𝑖𝑛
                                                                                                                   (1) 

Here;  𝑋𝑠 represents physiological parameters of data, 𝑋𝑚𝑖𝑛 and 𝑋𝑚𝑎𝑥 define the 
minimum and maximum values in the dataset, respectively (Nardelli et all., 2015), (Görür et 

all., 2021), (Han et all., 2011), (Sola and Sevilla, 1997). 

3.1.k-Fold Cross-Validation 

k-Fold Cross-Validation is a widely used method for machine learning and model 

evaluation. It does not divide a dataset into a certain part as training and a certain part as testing, 

as in traditional classification methods. This method divides the dataset into multiple parts 

(layers) to more reliably evaluate the accuracy of the model and measures how the model 

performs in each layer. This process allows the model of each part to be classified and tested in 

turn. As seen in the k-Layer Cross-Validation diagram in Figure 3, cross validation is obtained 

by taking the average of the errors and classification accuracies (Kohavi, 1995), (Bishop, 2006), 

(Arlot and Celisse, 2010). Classification accuracy is the average of the classification accuracies 

obtained for each k value. 

In our study, the data of 1350x6 is divided into 10 parts. For each k value, the model is 

established with 9 different parts and tested with the remaining 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 10-fold Cross Validation Diagram [20]  

In this study, k-Nearest Neighbors (kNN) algorithm and Support Vector Machine (SVM) 

methods were applied. Equations 2-4 express the classification accuracies. 

 

𝐴𝐶𝐶(𝑇𝑆) =  
∑|𝑇𝑆|

𝑖=1   𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒(𝑛𝑖)

|𝑇𝑆|
   , 𝑛𝑖𝑇𝑆                                                                                       (2) 
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𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒(𝑛) = {3, 𝑖𝑓  𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒(20 ≥ 𝑥 ≥ 15)   = 𝑐𝑛 2, 𝑖𝑓 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒( 14 ≥ 𝑥 ≥ 9) =
𝑐𝑛  1, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                                                                                     (3) 

 

Class.𝐴𝐶𝐶 =  
∑|𝑘|

𝑖=1   𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦(𝑇𝑆𝑖)

|𝑘|
                                                                                                       

(4) 

Here; TS represents the test dataset, cn refers to the class n. Estimate(n) represents the 

classification value for n and k represents the k-fold cross-validation value (Powers, 2011). 

True negative (TN), true positive (TP), false negative (FN) and false positive (FP) are the 

primary parameters applied for specificity (SPEC) and sensitivity (SENS) are shown in 

equations 5-6 (Kaggle, 2024), (Sokolova and Lapalme, 2009). 

 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑇𝑃1   +  𝑇𝑃2  +  𝑇𝑃3

𝑇𝑃1  + 𝐹𝑁1    +  𝑇𝑃2 + 𝐹𝑁2 +  𝑇𝑃3 +   𝐹𝑁3
                                                                                      (5)  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 = 
𝑇𝑁1   +  𝑇𝑁2  +  𝑇𝑁3

𝑇𝑁1  + 𝐹𝑃1    +  𝑇𝑁2 + 𝐹𝑃2 +  𝑇𝑁3 +   𝐹𝑃3
                                                                                          (6) 

 

3.2. K-Nearest Neighbors (KNN) 

The K-Nearest Neighbors (K-NN) algorithm works by finding the K "nearest neighbors" 

of a data point and then using the class labels of these neighbors to predict the label or value 

for the given data point (Cover et all., 1967). The KNN structure used in the study is seen in 

Figure 4. 

 

 

 

 

 

 

 

 

 

Figure 4. The Structure of KNN 

The KNN algorithm can be used as a tool to help estimate the difficulty level of a math 

exam. This structure has a Euclidean-based structure and all neighbors are voted equally, and 

the class with the most voters among the neighbors is selected. The degree of the correction 

parameter is controlled by k in the neighborhood of kNN (Atman, 1992). Mathematical 

approximations for the Euclidean distance between a and b for each example are given in 

equation 7. 

𝑑1(𝑥) ≤ 𝑑2(𝑥) ≤ ⋯ ≤ 𝑑𝑁(𝑥)                                                                                                       (7) 
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The distances are in ascending order from the nearest distance 𝑑1(𝑥) to the next nearest 

distance 𝑑2(𝑥). 𝑥𝑡  is defined as the data points and t is the index of the samples: 

𝑑1(𝑥) = 𝑚𝑖𝑛 𝑡 |𝑥 − 𝑥𝑡|                                                                                                                   (8)       

In this study, the k step that provides the best results was selected as 3. 

3.3. Support Vector Machines (SVM) 

It is the simplest and most basic method used to separate two classes with a linear line. 

Support Vector Machines, called SVM, separate two classes with a linear line called a 

hyperplane and perform the classification process with linear or non-linear lines on both sides 

of the lines that will maximize the distance between the support vectors (Görür et all., 2016), 

(Burges, 1998). 

The algorithm is based on the Kernel function based classification method and maximizes 

the separation between the training data by linearly separating the two-class feature space and 

creates an ideal hyperplane known as the decision surface as seen in Figure 5. The mathematical 

expressions of the SVM structure are shown as given below. 

{𝑥i , 𝑦i }, 𝑖 = 1, 2, … , 𝑁, 𝑦i ∈ {−1, +1}, 𝑥i ∈ 𝑅 𝑛                                     (9)  

(𝑤. 𝑥i ) + 𝑏 = 0                                                                                        (10)  

𝑥i. 𝑤 + 𝑏 ≥ +1  for  𝑦i = +1 𝑥i . 𝑤 + 𝑏 ≤ +1 for  𝑦𝑖 = −1                        (11)  

Here: xi represents the training data, yi represents the classes, N represents the data size, 

w represents the hyperplane weights and b represents the kernel constant (Cortes, 1995). 

 

Figure 5. The Structure of SVM 
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4. RESULTS 

 

KNN and SVM methods are effective tools in estimating the difficulty levels of questions 

with physiological parameter data recorded in the mathematics exam. The results obtained with 

these methods can help guide teachers in evaluating the difficulty levels of the exam and create 

their plans accordingly. The statistical values of the physiological parameters recorded in the 

10th grade mathematics exam for all questions are given in Table-1 below. 

 

Table 1. The Statistical Values of All Recorded Data 

 

Statistical Values SpO2 % PR (bpm) RRp (rpm) PVi Pi C° Mark Class 

Mean 98,12 89,03 17,97 22,22 4,26 36,83 9,76 1,84 

Std. Deviation 1,20 15,64 4,40 8,42 3,10 0,30 8,40 0,92 

Variance 1,44 244,47 19,33 70,88 9,63 0,09 70,54 0,85 

Mode 98,00 82,00 16,00 27,00 3,01 36,90 20,00 1,00 

Median 98,00 87,15 18,00 21,00 4,00 36,90 8,00 1,00 

Max. 100,00 140,00 32,00 54,00 20,00 37,70 20,00 3,00 

Min. 94,00 54,00 6,00 7,00 0,09 36,00 0,00 1,00 

 

The values given in Table 1 include statistical values obtained according to the real 

magnitudes of physiological parameters. Mean, Standard Deviation, Variance, Mode, Median, 

Maximum Value and Minimum Values of SpO2, PR, RRp, PVi, Pi, C°, Mark and Class values 

are shown. For example, while the SpO2 value varies between 94-100, Mode and Median 

values are determined as 98, Variance value as 1.44, standard deviation value as 1.2 and Mean 

value as 98.12. Other physical variables are calculated in this direction. However, in order to 

bring the magnitudes closer to each other in the graphical representation and to interpret them 

more easily, normalized parameter values are used for all data. 

 

 

Figure 6. Statistical Results of 1st Questions of Groups 

Figure-6 shows the visual that emerged after the normalized magnitudes of the 

physiological parameters recorded during the answers to the first question from the students 

divided into 2 groups. It is seen that the average of all values is close to each other in both 

groups. This situation can be interpreted as the question levels are similar. The average of the 
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SPo2 value is slightly lower in the students of the first group than in the students of the second 

group. It can be said that this situation is due to the change in the breathing rates and the 

differences in the excitement levels of the students depending on the adaptation process while 

they are comprehending the exam. Other parameters related to SpO2 have changed in parallel 

with this. Although the average of the class variable is at a similar level in both groups for the 

first questions, the mode value of this variable shows that the students in the first group received 

higher scores for this question. Similarly, it is seen that the mark variable also changes in this 

direction. The mode variable of the PVi value was encountered more in the second group. This 

situation can be associated with the students being excited. Similarly, body temperature has 

also changed in parallel with this. RRP value is also observed to be close for both groups. The 

fact that PR variable changes more in the first group students shows that this group is more 

excited or stressed than the others. Pi is the respiratory cycle depending on these parameters 

and it was close in both groups. 

 

 

Figure 7. Statistical Results of 2nd Questions of Groups 

When Figure-7 is examined, it can be stated that the change in the Class value is quite 

difficult for the 1st group students in the 2nd question. Because all the values depending on 

this variable are at a very low level. Accordingly, differences are clearly seen in the variables 

depending on other values. 
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Figure 8. Statistical Results of 3th Questions of Groups 

When Figure-8, which shows the 3rd questions based on groups, is examined, it can be 

said that this question was easier for the students of Group 1. Because, the mode and median 

variables of the class value are higher for the students of Group 1. In other words, it was 

observed that many students received full points in Group 1. Other variables exhibit close 

distributions. 

 

Figure 9. Statistical Results of 4th Questions of Groups 

When we look at Figure 9, we can see that Question 4 is easier for the students of group 

2, unlike Question 3. The mode and median values of the Class variable are high for Group 2, 

and most students in this group received full marks from this question. In addition, the Pi value, 

which is the respiratory cycle, was higher in Group 1. The average body temperature was also 

higher in Group 1. 
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Figure 10. Statistical Results of 5th Questions of Groups 

In Figure 10, where the statistical drawings of the questions are shown, it is seen that the 

class value is low in the 1st group, and it can be concluded that this question is more difficult 

for the 1st group students. It is clear that the respiratory cycle of this group is higher and the 

mark values are also lower than the 2nd group. Other parameters also showed a parallel trend. 

Table 2 shows the classification accuracies of groups based on questions. 

Table 2. Classification Results of All Questions According to Groups 

 

METHOD 

1st Question 

 1.Group / 2.Group 

2nd Question 

  1.Group / 2.Group 

3th Question 

  1.Group / 2.Group 

4th Question 

1.Group / 2.Group 

5th Question 

1.Group / 2.Group 

k=10 fold cross validation 

KNN (k=3) 100% / 100% 100% / 100% 100% / 100% 100% / 100% 100% / 100% 

SVM 

(One-vs-One) 
100% / 100% 100% / 100% 100% / 100% 100% / 100% 100% / 100% 

As seen in the table, the results of both KNN and SVM machine learning algorithms 

provided a high-level classification performance based on the questions posed to the groups. 

Therefore, it is seen that the scoring of the questions in the study, as well as the assignment of 

class values, was made very accurately by looking at these values. Similarly, it would not be 

wrong to say that the student levels in the groups were similar based on these classification 

results. 
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Figure 11. Statistical Results of All Questions on 10th Grade According to Groups 

Figure-11 shows the statistical changes of the parameters recorded while all students 

answered all the questions according to the groups. The mean value and median value of the 

Class variable are higher in the students in the 2nd group. This may mean that the questions in 

the 2nd group are generally easier. The mode and median value of the Mark variable support 

this view as seen in the Figure. Similarly, the fact that the Pi circulation rate is generally high 

in the 1st Group also contributes to this. The PVi respiratory cycle was also generally high in 

the 1st Group students. Other variables were similar in both groups. 

Table 3 shows the classification accuracies based on groups. 

 

 

Table-3. Classification Results of All Questions According to Groups 
 

METHOD 
All Questions of Groups 

k=10 fold cross validation 

KNN (k=3) 98,9% 

SVM (Gaussian)  98,8% 

As can be seen from the table, the results of both KNN and SVM machine learning 

algorithms provided very high accuracy rates in the classification made on a group basis. In 

other words, it would not be wrong to say that the questions divided into groups were correctly 

separated according to these classification results. The fact that the student levels in the groups 
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are similar also contributes to these results. The figures below show the confusion matrix, TPR 

and FNR results, which express the reliability results of the classifier. 

 

Figure 12. KNN Confusion Matrix, TRP and FNR Tables 

 

Figure 13. SVM Confusion Matrix, TRP and FNR Tables 

According to the results of the KNN classifier given in Figure 12, it is seen that 16 data 

from Group 1 and 14 data from Group 2 were incorrectly classified. Similarly, the SVM 

classifier given in Figure 13 also incorrectly classified 16 data from Group 1 and 17 data from 

Group 2. In addition, the TPR and FNR rates are presented as percentages. These values are 

important in terms of comparing the accuracy of both the KNN and SVM classifiers and proving 

their reliability. 

 

5. DICUSSION 
 

In this study, SpO2, pulse, temperature, respiratory rate, fluid response and circulation 

rate were used in the field of education, not in a health field as usual. . This study aimed to 

investigate the connections with physiological parameters in the 10th mathematics exam 

evaluation. Thus, it was investigated whether there was a significant relationship between the 

physiological changes of the students and the measurement and evaluation tools. Unlike 

traditional classification methods, the k-fold cross-validation technique, which increases the 

reliability of classification accuracies, was used. 

It has been observed that physiological parameters change according to the level of 

excitement and stress in the student and that a change in one parameter can affect another 

parameter. When the statistical tables created for question-based comparisons are examined, it 

is seen that the mode and median values of the mark and class variables are generally parallel. 

This situation shows that the values determined as class are parallel according to the scores 

received by the students. However, it was inversely proportional for some questions in the 1st 

group and for some questions in the 2nd group. In this case, it is an indication that the students 

received low marks and caused density in a region as class. In other words, it can be interpreted 

as the question being difficult or that the students may have been excited about this question. 

The 2nd question can be given as an example of this and it can be stated that this question was 

perceived as more difficult for the 1st group. Similarly, it is clear that the change in the values 
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of the SpO2 variable provides parallel results. If the example for the 4th question is given, 

although the mean, variance and standard deviation values of this value are close in both groups, 

there are visible differences between the mode and median values. These values are higher for 

group 1. It would not be wrong to say that the students had difficulty with this question. 

Circulatory rate Pi and fluid response PVi values also provide important contributions to 

question-based comparisons. Almost all values of these parameters for question 1 are higher 

for group 2 students. If this situation is interpreted by looking at the class and mark values, it 

can be explained by the fact that this question is seen as a more familiar situation for group 2, 

that is, the students were able to handle the situation a little more calmly. Pulse PR, respiratory 

rate RRp and body temperature Co variables also play an important role in comparing question 

difficulty levels. While body temperature and respiratory rate were higher in group 2 students 

for question 5, pulse value was almost parallel in both groups. It can be interpreted that these 

parameters are inversely proportional to the mark and class values and therefore question 1 was 

more difficult for the first group. Similarly, when the changes in these variables are examined 

for question 3, similar results can be seen. For this reason, it can be said that the third question 

was perceived as more difficult for the second group students. 

At the same time, when the statistical table created for group-based comparisons is 

examined, when the mode and median changes of the mark and class variables are compared, 

it can be said that the students of the 2nd group received higher grades and that this group had 

a higher success rate. The fact that the PVi and Pi changes are generally higher in the 1st group 

indicates that this group is more accustomed to the situation during the exam but tends to have 

more difficulty. Although body temperature and PR changes are similar in both groups, it is 

seen that RRp is generally higher in the 2nd group and SpO2 is slightly higher in the 2nd group. 

This situation can be interpreted as the 2nd group generally adapting to the exam more. 

As a result, it is clear that each parameter is meaningful on its own and affects other parameters 

in comparing question difficulty levels and making comparisons between groups. When the 

results of the machine learning algorithms made in this direction are taken into account, it is 

seen that both question and group distinctions can be made successfully at a very high rate. In 

this direction, it can be said that this study will contribute to the measurement and evaluation 

stage for teachers. 

 

6. CONCLUSION 

 

In studies conducted for measurement and evaluation, exam questions have always been 

analyzed with traditional methods and exam questions have been evaluated according to 

taxonomies in educational sciences. This study, in addition to traditional methods compared to 

previous studies, has tried to measure the level of exam difficulty for students by examining 

both question-based and inter-group changes with the help of physiological data machine 

learning algorithms for the first time. In addition, it is the first to prepare more subjective exams 

that can be suitable for the student level during the preparation of exam questions. As a result 

of the classification, it is seen that question-based comparisons with both KNN and SVM have 

reached an excellent accuracy rate of 100% and a very high classification accuracy of 98.9% 

has been achieved in group-based classification. Therefore, it is thought that this study helps 

educators to make more stable and more accurate evaluations during the exam question analysis 

phase with the help of physiological parameters and machine learning. In addition, it is 

anticipated that this way will contribute to the most appropriate preparation of exams for 

students. 
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1. INTRODUCTION  

In recent years, metaheuristic algorithms have gained prominence as powerful tools for 

solving complex optimization problems across various fields. These algorithms are very 

successful in navigating large and complex search spaces where classical optimization methods 

may struggle. Many of these algorithms are designed for continuous optimization problems, but 

binary search spaces present unique challenges that demand specialized approaches. One such 

approach is the Binary Hiking Optimization Algorithm (BinHOA), an adaptation of the Hiking 

Optimization Algorithm (HOA), which is inspired by the movement of hikers across rugged 

terrains. HOA has been shown to be effective for continuous problems, but its binary variant, 

BinHOA, introduces flexibility for discrete and binary search spaces. 

On the other hand, Genetic Programming (GP) is an evolutionary algorithm that 

automatically evolves programs, or more generally, mathematical expressions, to solve a given 

problem (John R Koza, 1990; O’Neill, 2009). GP's ability to generate complex mathematical 

functions makes it suitable for a wide variety of tasks, including symbolic regression and 

function discovery. However, GP’s performance heavily depends on the selection of 

appropriate function and terminal sets, which may limit its effectiveness if not properly set. 

Tree-based GP (John R Koza, 1990; John R. Koza, 1994) is the first form of the GP; however, 

over the years, a variety of GP representations has been developed, such as Linear GP (LGP) 

(Brameier & Banzhaf, 2007), Cartesian GP (Miller & Turner, 2015), and grammar-based GP 

(Whigham, 1995). 

GP and metaheuristic algorithms are among the most actively researched areas, each 

generating thousands of publications and continuing to attract substantial academic interest. 

However, a Web of Science analysis reveals that studies employing both genetic programming 

and metaheuristic algorithms in combination are considerably less prevalent. Figure 1 illustrates 

the yearly distribution of publications indexed in SCIE journals that integrate these 

methodologies, along with the citation counts these studies have accumulated over time. The 

following discusses several significant studies in recent years that combine metasearch 

algorithms with GP to tackle various engineering and optimization challenges. These studies 

showcase the adaptability and versatility of GP in addressing complex problems, each utilizing 

GP innovatively to meet specific requirements, ultimately enhancing decision-making and 

predictive accuracy. 

 (Hasanzadeh, Bashiri, & Amiri, 2018) tackle the single-allocation hub covering location 

problem, incorporating queue estimation to optimize hub placement and server allocation by 

accounting for fixed, transportation, and waiting costs. They employ GP to establish a lower 

bound for this model, which not only increases solution precision but also demonstrates the 

effectiveness of a particle swarm optimization algorithm in minimizing the gap to this lower 

bound. (Li et al., 2024) concentrate on predicting the State of Health (SOH) for lithium-ion 

batteries through a two-stage framework that integrates metaheuristic algorithms with GP for 

feature selection and symbolic regression. Their approach employs a binary multi-objective 

grey wolf optimization algorithm to identify optimal feature sets, while GP is used to create 

symbolic equations that enhance the accuracy and cost-effectiveness of SOH predictions. 

(Onyelowe et al., 2022) use GP in conjunction with artificial neural networks and evolutionary 

polynomial regression (EPR) to predict the erodibility of lateritic soil in erosion-prone regions. 

Through laboratory tests and hybrid cement treatments, they demonstrate that EPR, optimized 

by a genetic algorithm, achieves higher predictive accuracy than other models, underscoring 

GP’s effectiveness in environmental geotechnics. (Russo, Bernardino, & Barbosa, 2018) 

investigate GP for knowledge discovery within multi-objective optimization, introducing 

modifications to improve consistency, prevent trivial solutions, and preserve significant results. 

When applied to engineering case studies, this modified GP approach successfully uncovers 
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useful design principles, highlighting GP’s potential for extracting meaningful mathematical 

relationships from optimization outputs. 

 

Figure 1. The number of publications and citations in SCIE indexed journals by years. 

 

This study proposes a novel method that combines BinHOA with a part of the LGP to 

enhance the function discovery process in binary search spaces. BinHOA is utilized to optimize 

the sequence of instructions used in LGP. BinHOA has the potential to explore the search space 

more efficiently, thereby offering a robust solution for generating mathematical models in 

discrete domains. The experimental results show that this combined approach can effectively 

generate optimized mathematical functions, demonstrating superior performance in complex 

optimization problems compared to traditional methods. 

The motivation and main contributions of this study can be summarized as follows: First, 

the growing need for efficient function discovery methods in binary search spaces has driven 

the development of a proposed approach that leverages the strengths of both BinHOA and GP. 

Second, this study introduces a novel synergy between a binary metaheuristic algorithm, 

BinHOA, and an evolutionary programming technique, GP, for mathematical function 

generation. Third, the proposed method demonstrates improved exploration and exploitation 

capabilities, providing an effective solution for discovering optimized mathematical models in 

complex discrete domains. Lastly, the experimental results validate the effectiveness of this 

approach, showing its potential to solve challenging optimization problems in binary contexts. 

The remainder of this paper is organized as follows: Section 2 provides a detailed 

explanation of LGP, covering its structure, operations, and role in function generation. Section 

3 introduces the BinHOA, discussing its adaptation for binary search spaces and how it 

integrates with LGP. Section 4 presents the proposed approach, outlining the method’s structure 

and workflow. Section 5 discusses the experimental setup and results, highlighting the 

performance of the proposed approach. Finally, Section 6 concludes the paper and suggests 

directions for future research. 
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2. LINEAR GENETIC PROGRAMMING 

LGP is a powerful evolutionary computation technique and a variant of GP where 

computer programs evolve in the form of linear sequences of instructions, rather than in tree 

structures. Unlike traditional GP, which represents solutions as tree structures, LGP encodes 

programs as straight-line code, mimicking the structure of imperative programming languages 

or low-level machine code. This method can provide computational benefits, such as producing 

more compact solutions and executing programs faster than tree-based GP, as well as making 

them easier to interpret. In LGP, each individual in the population is represented by a sequence 

of commands, or instructions, each of which operates on specific memory locations, known as 

registers. Registers act as temporary storage for values, and instructions manipulate these values 

to compute results. Each command in an LGP program specifies an operation to be performed 

on one or more registers, with the result stored in a target register. This characteristic allows 

LGP to mimic a low-level programming style, where data is manipulated directly through 

registers and updated incrementally as the program executes. LGP leverages several key 

concepts: registers, instructions, functions, operators, terminals, and introns (Brameier & 

Banzhaf, 2007). 

2.1. Key Concepts in LGP 

▪ Registers: Registers are essential storage units, used for holding intermediate results 

during program execution. Commands manipulate the contents of these registers, with 

specific registers acting as inputs for operations and one or more registers holding the 

output or final result. 

▪ Instructions: Each instruction in an LGP program performs a specific operation on one 

or more registers and assign the result to a target register. For example, an instruction like 

(r0 := r1 + r2) adds the values in registers r1 and r2, storing the result in r0. The operations 

used in instructions vary and can be arithmetic, logical, or specialized domain-specific 

functions. 

▪ Functions: LGP uses various functions to manipulate register values. These functions 

include basic arithmetic operations (addition, subtraction, multiplication, division), more 

complex mathematical operations (logarithmic, exponential, trigonometric), and logical 

functions (AND, OR, NOT). The choice of functions is highly customizable based on the 

problem domain. 

LGP relies on various mathematical and logical functions to perform computations, as 

illustrated in Table 1 below. These functions are applied within the instructions to carry 

out the operations defined in the program. 

Table 1. Some types of Functions used in LGP 

Type Function 

Arithmetic Functions 

r0 ← r1 + r2 

r0 ← r1 - r2 

r0 ← r1 * r2  

r0 ← r1 / r2 

Logarithmic and Exponential 

Functions 

r0 ← ln(r1)  

r0 ← exp(r1) 

Trigonometric Functions 
r0 ← sin(r1)  

r0 ← cos(r1) 

Logical Functions 

r0 ← r1 AND r2 

r0 ← r1 OR r2  

r0 ← NOT r1 

Introns non-effective code segments 
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▪ Operators: Genetic operators in LGP include mutation, crossover, and recombination. 

These operators are crucial for introducing genetic diversity, enabling the evolution of 

robust solutions. 

✔ Mutation: Mutation involves randomly altering an instruction in the program, which 

may involve changing the operation or the registers used. For example, (r2 := r3 * r4) 

might mutate to: (r2 := r3 / r1), changing the multiplication to division and modifying 

a register. 

✔ Crossover: In crossover, segments of two parent programs are exchanged, promoting 

diversity in the population by blending characteristics of the parent solutions. For 

example, two programs may swap portions of their instruction sets. 

✔ Recombination: Recombination combines parts of different programs, often by 

splicing segments of code to form a new individual. This operation helps create novel 

solutions by merging beneficial traits from multiple programs. 

▪ Terminals: Terminals in LGP refer to variables, constants, or input parameters. In LGP, 

terminals can represent either a constant value or a value stored in a register. For instance, 

the r0 register can be used as a terminal and serve as the input for a mathematical 

operation. Additionally, constant values (such as numeric constants like 3.14) can be 

directly included in commands. An example of terminal usage can be shown as follows: 

(r1 := 3.14 + r2). This command adds the value 3.14 to the value in the r2 register and 

stores the result in r. 

▪ Introns: Introns are non-effective code segments that do not affect the output of the 

program. Although introns do not contribute to the solution directly, they can provide 

benefits by protecting key parts of the program from disruptive mutations, adding a layer 

of resilience. 

2.2. Advantages and Disadvantages of LGP 

LGP presents several advantages over traditional tree-based GP. Its linear structure 

enables faster execution by reducing the complexity of traversal through nodes and branches, 

which are typically present in tree structures. This simpler, more compact representation makes 

LGP programs more efficient and easier to interpret. Additionally, LGP’s register-based system 

optimizes memory usage, which is advantageous when processing large datasets or performing 

computations that require significant memory resources. The linear representation also tends to 

produce shorter, more concise programs that are easier to debug and refine at a granular level. 

However, LGP also has certain limitations. One challenge is the fragility of LGP code 

since each instruction depends heavily on the preceding instructions, minor mutations or 

alterations in one part of the program can have a cascading effect, potentially disrupting the 

entire program’s functionality. The strict order of execution can make the initial random 

programs weak, especially in early generations when the population lacks sufficient diversity. 

Moreover, without adequate protective mechanisms, LGP is more vulnerable to producing 

invalid programs due to these dependencies. 

2.3. Applications of LGP 

Due to its unique characteristics, LGP has been successfully applied across diverse fields. 

In machine learning, it is often used for regression, classification, and function approximation 

tasks, where the efficiency and compactness of linear representations are beneficial. In 

optimization, LGP is used to solve problems where solutions can be effectively represented as 
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sequences of operations, such as scheduling or parameter optimization. In data modeling, LGP 

enables efficient data transformation and feature extraction processes. Moreover, in robotics, 

LGP aids in evolving programs that control robotic behaviors, as it allows for compact and 

interpretable control strategies. LGP thus remains a valuable and versatile approach within 

Genetic Programming, providing an effective framework for evolving concise, interpretable 

programs that operate efficiently on memory and computational resources. 

 

3. BINARY HIKING OPTIMIZATION ALGORITHM 

The Binary Hiking Optimization Algorithm (BinHOA) (Sağ, 2024) is an adaptation of 

the continuous Hiking Optimization Algorithm (HOA) (Oladejo, Ekwe, & Mirjalili, 2024), 

which simulates the movement of hikers on rugged terrains. In BinHOA, the search space is 

restricted to binary values (0 and 1), making it suitable for binary optimization problems. The 

key principles behind HOA, and by extension BinHOA, include slope-based movement and 

exploration of new terrain based on probabilistic rules. 

In BinHOA, each solution (or hiker) is represented as a binary string of length D, where 

D is the dimensionality of the problem. Each binary string represents a potential solution in the 

search space. Similar to other metaheuristics, the fitness of each hiker is evaluated based on 

how well it solves the optimization problem. In this study, fitness is the error between the 

generated mathematical function and the target data. It can be defined in Eq. (1) as follows: 

𝑓(𝑥) = ∑

𝑁

𝑖=1

  |𝑟0(𝑥𝑖) − 𝑦𝑖| (1) 

where 𝑟0(𝑥𝑖) is the predicted output from the generated formula, and 𝑦𝑖 is the actual output. 

The movement of hikers is governed by Tobler's Hiking Function, which models the 

velocity of movement based on the slope of the terrain given by Eq. (2). 

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑖,𝑡 = 6𝑒−3.5|𝑆𝑖,𝑡+0.05| (2) 

where 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 is the velocity of hiker i at iteration t, and 𝑆𝑖,𝑡 is the slope of the terrain defined 

in Eq. (3). In the binary version, the slope translates into the likelihood of flipping bits in the 

binary string, allowing the algorithm to explore new regions of the binary search space. 

𝑆𝑖,𝑡 =
𝑑ℎ

𝑑𝑥
= 𝑡𝑎𝑛⁡𝜃𝑖,𝑡 (3) 

The variables dℎ and d𝑥 represent the elevation change and the distance traversed by the 

hiker, respectively. The angle of terrain inclination (𝜃𝑖,𝑡) falls within the range of [0, 50°]. The 

hiker’s speed is adjusted based on their starting velocity, the position of the lead hiker, and a 

sweep factor that ensures they remain reasonably close to the lead hiker. This adjustment is 

detailed in Eq. (4). 

𝑛𝑒𝑤_𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑖,𝑡 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑖,𝑡−1 + 𝛾𝑖,𝑡(𝛽𝑏𝑒𝑠𝑡 − 𝛼𝑖,𝑡𝛽𝑖,𝑡) (4) 

Here, 𝛾𝑖,𝑡 represents a random variable uniformly distributed in the interval [0,1], 𝛽𝑏𝑒𝑠𝑡 

corresponds to the lead hiker's position, and 𝛼𝑖,𝑡 denotes the sweep factor, which can take values 

between 1 and 3. The revised position 𝛽𝑖,𝑡+1 for hiker i is provided by Eq. (5). 

𝛽𝑖,𝑡+1 = 𝛽𝑖,𝑡 + 𝑛𝑒𝑤_𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑖,𝑡 (5) 
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In BinHOA, new generated position (𝛽𝑖,𝑡+1) is transformed into {0,1} A values by using Eq.(6). 

𝛽𝑖,𝑡+1 = {0⁡⁡⁡⁡𝑖𝑖⁡𝑖𝑖𝑖𝑖⁡ < 𝑡𝑓(𝛽𝑖,𝑡+1)⁡1⁡⁡⁡⁡𝑖𝑖⁡𝑖𝑖𝑖𝑖⁡ ≥ 𝑡𝑓(𝛽𝑖,𝑡+1)⁡ (6) 

where 𝑡𝑓⁡refers to a transfer function that is applied to scale the newly generated position. The 
variable rand represents a random number drawn from the range [0,1]. 

At the beginning of the HOA algorithm, the positions of the walkers (𝛽𝑖,0) are randomly 

initialized within the defined boundaries of the problem, while in the BinHOA algorithm, values 

0 and 1 are randomly generated for each dimension.  

During each iteration, the fitness values for all hikers are computed based on the objective 

function, and the hiker with the best fitness is identified as the lead hiker. This process is 

repeated for a predetermined number of iterations.  

 

4. PROPOSED APPROACH 

The proposed approach in this study leverages the complementary strengths of the 

BinHOA and GP to generate mathematical functions in binary search spaces. The integration 

of these two methods allows for a more efficient exploration of the search space while 

maintaining the evolutionary process required to discover optimal mathematical expressions. 

The goal of BinHOA is to discover the optimal sequence of instructions chosen from the 

instruction list. Each binary string represents a potential set of functions and terminals to be 

used in the GP framework, which is then tested and refined through multiple iterations. The 

steps involved in this method are outlined as follows: 

i. Binary Representation of Functions: In the proposed approach, each potential 

mathematical expression is represented as a binary string. This binary string encodes 

the sequence of instructions, such as addition, multiplication, or swapping. Each block 

of the binary string corresponds to a specific instruction, allowing BinHOA to search 

through various combinations. 

Each block of the binary string consists of 5 bits, where each 5-bit block corresponds to 

a specific instruction. Since 30 instructions are defined in this study, 5 bits are required 

to encode each instruction number. The total length of the chromosome is determined 

by the number of instructions used, multiplied by 5 bits per instruction. If a 5-bit block 

consists entirely of zeros, it indicates that no operation is applied in that position. The 

order of the instructions in the chromosome represents the sequence in which the 

operations are executed. This structure allows BinHOA to explore various combinations 

of functions, optimizing the mathematical expressions generated. 

ii. Fitness Evaluation:  The candidate solutions may generally represent a mathematical 

expression, a logical expression, or an algorithm. In this study, each binary string 

generated by BinHOA represents a mathematical function, and it is read from the r0 

after each instruction has been executed sequentially. The fitness of each solution is 

evaluated by comparing the output of the generated function with the target dataset. 

Specifically, the error between the predicted values and the actual data points is used to 

guide the optimization process. The objective function used to measure the error is 

calculated by using Eq. (2). 

iii. Exploration of Function Space: One of the key features of this approach is that 

BinHOA helps explore a vast and diverse set of function combinations by operating in 

a binary space. While GP handles the evolutionary aspects of function refinement, 
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BinHOA ensures that novel and potentially optimal combinations of functions and 

terminals are continuously introduced into the search process. 

To adapt BinHOA for binary spaces, transfer functions are employed, which map 

continuous values to binary ones. In the literature, various transfer functions have been 

proposed for this purpose, including S-shaped, V-shaped, and Taper-shaped functions, 

among others. These transfer functions control the probability of flipping bits in the 

binary chromosome, thereby guiding the search through the binary function space. 

In this study, the S1 transfer function, a commonly used S-shaped transfer function, is 

applied within BinHOA. The S1 transfer function is defined as follows: 

𝑆1(𝑥) =
1

1 + 𝑒−2𝑥
 (7) 

This function converts continuous values into probabilities, which are then used to 

determine whether a bit in the binary string should be flipped. The use of the S1 function 

allows for a smooth and adaptive transition between different binary states, enhancing 

the exploration capabilities of the algorithm by balancing local and global search efforts. 

By utilizing the S1 transfer function within BinHOA, this approach ensures efficient 

exploration of the binary search space, leading to the discovery of optimal combinations 

of functions and terminals in Genetic Programming. 

iv. Iterative Optimization: The entire process is iterative, with BinHOA generating new 

binary strings (function combinations) in each iteration and evaluating the performance 

of these combinations. The best-performing functions are retained, and the exploration 

of new regions in the search space continues until the optimization process converges 

or a predefined stopping criterion (such as a maximum number of iterations) is reached. 

v. Mathematical Formula Generation: The output of the proposed approach is a 

mathematical formula that best approximates the target function. This formula is 

expressed as a simplified combination of functions and terminals, optimized through the 

effort of BinHOA's exploratory capabilities. 

In summary, the proposed approach capitalizes on the ability of BinHOA to efficiently 

explore binary search spaces. By combining this method with the usage logic of the register-

based instruction list used in LGP, the proposed approach offers a robust solution for generating 

accurate and optimized mathematical expressions, particularly in binary domains where 

traditional methods may struggle. 

5. STEPWISE EXECUTION OF THE BINHOA-GP APPROACH 

The BinHOA-GP approach was tested on a custom dataset consisting of 120 samples, 

shown in Table 2. The goal is to discover a mathematical equation that accurately approximates 

the curve representing this dataset.  

Table 2. A part of sample dataset used in this study 

 𝑥1 𝑥2 𝑦 

1 7 32 1521 

2 16 40 3136 

3 7 18 625 

⋯ ⋯ ⋯ ⋯ 

119 15 35 2500 
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120 14 21 1225 

 

In the given approach, each solution consists of binary strings divided into 5-bit blocks. 

Each block represents a specific instruction from a predefined set of instructions, and there are 

32 possible instructions. If a 5-bit block evaluates to zero, this means that no function is applied. 

Each non-zero block specifies an instruction according to its binary value, and this value 

determines which instruction to apply. The sequence of instructions determines the order in 

which they are executed. This process creates a mathematical expression by applying some 

mathematical functions, such as summation, subtraction, multiplication and division, to the 

variables 𝑥1, 𝑥2, 𝑟0, 𝑟1, 𝑟𝑠 or intermediate results from previous operations. Here, 𝑥1 and 𝑥2 

represent the input parameters in the dataset considered in this study, while 𝑟0, 𝑟1 and 𝑟𝑠  are the 
registers. 

As an example, the structure of a 25-bit candidate solution created to model the dataset 

by considering 5 potential instructions sequentially is given in Fig. 2.  This binary chromosome 

is divided into 5-bit blocks. 

 
A Candidate Solution 

00011 00101 11001 00000 01101 

 

00011  Instruction 3  𝑟0 = 0.1  

00101  Instruction 5  𝑟0 = 0.5  

11001  Instruction 25  𝑟0 = 𝑟0 × 𝑟1  

00000  Instruction 0  No operation (skipped) 

01101  Instruction 13  𝑟0 = −0.1  

Figure 2. The structure of a candidate solution consisting of 25-bits 

 

The operation of the program is given step by step below for this sample candidate solution. 

Step 0:  The program initializes 𝑟0, 𝑟1 and 𝑟𝑠 as zero arrays.   

 𝑟0 = 0, 𝑟1 = 0, 𝑟𝑠 = 0 

Step 1: Instruction 3: 𝑟0 = 0.1 

 𝑟0 is updated to 0.1 for each element in the Y-vector (the target values). 

Step 2: Instruction 5: 𝑟0 = 0.5. 

 𝑟0 is now overwritten by 0.5. Equation: 𝑟0 = 0.5. 

Step 3: Instruction 25: 𝑟0 = 𝑟0 × 𝑟1 

 At this point, since 𝑟1 is still zero, multiplying 𝑟0 (which is 0.5) by 𝑟1 results in 𝑟0  

 being zero. Equation: 𝑟0 = 0.5 × 0 = 0. 

Step 4: Instruction 0: No operation. 

 This block indicates no function should be applied, so the state remains unchanged. 

Step 5: Instruction 13: 𝑟0 = −0.1 

 The final step assigns 𝑟0 = −0.1 across all elements. Equation: 𝑟0 = −0.1. 

After evaluating the entire solution, the result is that 𝑟0 = −0.1 for each element in the 
output, as the solution dictated the final function (Function 13) to be an assignment of −0.1. In 
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the proposed approach, the binary string not only encodes the sequence of mathematical 

functions but also defines the order in which these functions are applied to the variables 𝑥1, 𝑥2, 

and intermediate results. In this case, the solution leads to a final output of −0.1, but for other 

solutions, the combination of operations could result in more complex mathematical 

expressions involving 𝑥1, 𝑥2, and other constants like 0.5 or 0.1. 

In this study, the experimental setup consisted of a population of 50 members, each 

represented by 100 bits (20x5), and 100 iterations were performed. Additionally, 30 functions 

were defined for use in evaluating the objective function and constructing the mathematical 

equation. The best result, achieving a zero fitness value for the objective function, was obtained 

at the end of the 18th iteration. The convergence graph is shown in Fig. 3. The formula for the 

processed dataset is generated as "(0 + x1 + x2)^2". This is simplified using the symbolic math 

toolbox and is defined as 𝑓(𝑥) = (𝑥1 + 𝑥2)
2. 

 

 
Figure 3. The convergence graphic of the proposed BinHOA-GP approach 

 

6. CONCLUSION AND FUTURE WORKS 

In this study, we introduced a novel approach that combines the BinHOA with the use of 

the instruction list element of LGP for generating mathematical equations in binary search 

spaces. The experimental results demonstrated the effectiveness of this approach in discovering 

optimal mathematical models. By leveraging BinHOA’s capability to explore the search space 

efficiently and the register-based symbolic representation of the GP, the proposed method was 

able to generate complex symbolic equations with improved precision. 

The synergy between BinHOA and LGP enabled the generation of a zero-fitness solution 

after only 18 iterations, as evidenced by the convergence graph. The approach successfully 

generated the mathematical formula "(0 + x1 + x2)^2", simplified to 𝑓(𝑥) = (𝑥1 + 𝑥2)
2 

highlighting the efficiency of the method in symbolic regression tasks. 

Future research could expand on this work by applying the BinHOA-GP method to larger 

and more diverse datasets. Additionally, exploring its performance in multi-objective 

optimization problems, real-world applications, and the integration with other evolutionary 

algorithms may further enhance its capabilities and broaden its applicability in various 

optimization domains. 
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1.INTRODUCTION  

 

Sunflower is a priority crop, having strategic importance and  also very important oily crop. 

Black chestnut soils and gray forest soils are suitable for growing sunflowers. It grows poorly on 

sandy and saline soils and soils with heavy mechanical content that heat up late. 

(Mammadov and Ismayilov, 2012) The sunflower has a well-developed 2-3 m and very deep 

root system. Although this plant is drought-resistant, it requires a certain amount of moisture in the 

soil for high yields. Its water consumption rate is 600m3. The sunflower uses the largest amount of 

moisture (about 60% of the total amount) during the flowering period and  during the intensive growth 

of the stem and leaves. 

The high yield of sunflower is achieved after winter crops, after corn and cereals. Spring wheat, 

oats and potatoes are not bad predecessors for corn. The total amount of nutrients used by the 

sunflower for the formation of the crop becomes much larger when the productivity of intensive 

varieties reaches 40-60 centners per hectare.             

Sunflower absorbs nutrients unevenly during the vegetation process. Organic fertilizers have a 

positive effect on sunflower grain yield. Manure is given either directly under the sunflower crop, or 

its crops are placed after fertilized predecessors. In these cases, the yield increase is approximately 

the same. If they place the sunflower after the predecessors that were not given manure, then they 

definitely give mineral fertilizers. Therefore, manure and mineral fertilizers should be given 

separately to the sunflower. 

Agriculture, including sunflower, has a special share in the social and economic development 

of our republic. As in other fields, in the fields of genetics, plant breeding  and seed production, multi-

faceted scientific and research works are carried out in the direction of increasing the productivity of 

agricultural crops. 

The productivity and oil quality of sunflower depends on the biological and morphological 

characteristics of the variety, the irrigation scheme, plant density and the correct and timely 

application of fertilizer to the field, the correct placement of plants in the field, the timely application 

of irrigation and etc. 

The work experience of specialized sunflower growers in our country and the information of 

scientific-research institutions show that there are inexhaustible opportunities to improve the 

agriculture of the republic. Wide application of scientific achievements and advanced farms to 

production plays a big role in solving this issue. 

Abasov (2010) Farmers and landowners use scientifically based optimal options to increase 

productivity according to their business plans. Their main goal is to obtain varieties that are resistant 

to diseases and pests and have high productivity.  

Each sunflower variety differs from each other in terms of biological and morphological 

characteristics. That is, varieties do not have the same potential under any soil and climate conditions. 

Each of the applied agrotechnical measures affects the structural indicators and genetic characteristics 

of the varieties in a different way. 

When choosing varieties, agronomists should know in advance that it has been tested in that 

area and the agrotechnics required for it (growth dynamics, amount and weight of baskets, oil yield, 

leaf shape, leaf surface, etc.). 

Humbatov and Khalilov (2010) Depending on the morphological and biological characteristics 

of the variety, its attitude to environmental factors is also different. Acceleration of processes in the 

plant, speed of height and development, accumulation of organic substances are determined by 

temperature. The optimum temperature for growth and development is 25-30°C, including seed 

germination.  

Pre-sowing cultivation is carried out differently according to the characteristics of each field, 

but options that produce maximum and organized sprouts are preferred.  

At this time, inter-row cultivation should be done in different order. 



 

59 
 

As a result of applying each agrotechnical measure in the optimal time according to the calendar 

plan, scientific and technical works are being carried out in the direction of preparing more optimal 

and efficient agrotechnics for farmers. 

 The sunflower production is important for meeting the food demand and provides the country 

with vegetable oil and animal feed. Due to the ongoing war between Russia and Ukraine, the main 

suppliers of sunflower products to the world market, difficulties have arisen in supplying the market 

with this product. Meeting the demand for sunflower products is closely related to the development 

of the value chain in this area. 

In the article, were analyzed through this approach  the current problems and prospects in the 

field of sunflower production in the country. At the same time, were also given  the results of the 

research that,  we conducted in order to study the effect of complex agrotechnical measures on the 

quality indicators of ecologically clean sunflower products. 

The issues of development  of sunflower production and processing areas are reflected in our 

country by the government, adopted in the agricultural policy, on strategic documents, as well as 

regulatory acts. Thus, in the "Strategic Roadmap on the production and processing of agricultural 

products" approved by the head of the country, the issues of stimulating the production of sunflower 

and sunflower oil for grain, as well as evaluating the possibilities of increasing the local production 

of raw materials used in the production of vegetable oils, including sunflower, have been reflected 

(Anonymous, 2015).  

Taking into account that the issues of sunflower production and processing are considered a 

priority in the state's agricultural  policy, it can be concluded that the development of sunflower 

production can be implemented by defining systematic measures. 

Recently, against the background of climate changes, production and logistical difficulties 

related to the coronavirus pandemic, and local conflicts, the price of agricultural and food products 

has been steadily increasing in global markets. In particular, the Russian-Ukrainian conflict has led 

to the shortage and increase in prices of a number of products, including grain products and "oily" 

crops, specifically sunflower seeds and oil. Thus, Russia and Ukraine, which hold a leading position 

in the world in the production and export of these products, provide 53 %  of global grain production 

(Anoymous, 2024), and respectively 33% and 22 % of oil and grain exports  (Anoymous, 2024a). 

This trend in the global markets has led to the increase in the prices of vegetable oils, including 

sunflower products, in Azerbaijan. This has brought to the fore the issue of reducing the level of 

dependence on imports by increasing production and productivity in terms of strengthening the 

country's food security. 

Currently, the country cultivates 2 local varieties, ordinary and "Yerarmudu", characterized by 

different genetic characteristics (Anonymous 2024e), as well as imported from different countries 

"Gigant-549", improved "VNIIMK-883", "Kazio", "Alazan", "Oreshka" (Anoymous, 2024b). 

The regions where sunflowers are most cultivated in Azerbaijan are Shamkir (81,6%), 

Goranboy (26,4%), Tartar (24,4%), Samukh (17,5%) and Agstafa (6,6%)   regions. 

Over the past 20 years, the sunflower cultivation area in Azerbaijan has increased and reached 

9.89 thousand hectares in 2023. As of 2023, the yield of sunflower in the country was 25.9 cents/ha, 

and in the last 20 years, it is observed that the yield has increased by 2 and 3 times (Table 1, 2) 

(Anoymous, 2024c)   

 

Table 1. Areas for growing  sunflower, ha (Anoymous, 2024c)   

 

  2019 2020 2021 2022 2023 

Republic of Azerbaijan 16551 11016,6 11095,1 11538,5 9898,5 

Ganja-Dashkasan 

Economic district 

6826 4966,0 4746,0 4821,1 3984,4 

Samukh district 3329 1943,5 1851,0 2202,5 1318,9 
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Table 2. Productivity of sunflower by regions, cents/ha (Anoymous, 2024c) 

 

 2019 2020 2021 2022 2023 

Republic of Azerbaijan 21,6 22,4 22,3 23,0 25,9 

Ganja-Dashkasan 

Economic district 
23,0 24,3 24,0 24,8 27,3 

Samukh district 22,2 23,4 22,1 23,2 28,9 

 

 

Growing sunflower for seeds, refined sunflower oil and its fractions, as well as sunflower 

oilcake , and other processing residues are produced from the main processing products of sunflower 

in Azerbaijan (Anoymous, 2024d). 

During 2015-2020, the maximum volume of production in the country was 99.7 thousand tons 

(2019) of growing  sunflower for seeds, 37.4 thousand tons of refined sunflower oil and their fractions 

(2017), and 859.7 thousand tons of processing residues from sunflower seeds (2017) 

(https://www.stat.gov.az/source/industry/). While the demand for sunflower seeds is mostly covered 

by local production, the main part of the demand for sunflower oil and processing residues is met by 

imports. 

So, according to the results of the calculation, although this indicator for growing  sunflower 

for seed reached the level of 70.9% with an increasing trend, it settled at the level of 44.6% with a 

decreasing trend for sunflower oil during 2015-2020. The demand for sunflower oil accounts for 

57.4% of the demand for vegetable oils in the country.  The level of self-sufficiency in vegetable oils 

also decreased during these years and was 34.8% in 2020.  

Despite the increase in sunflower production and productivity in our country in recent years, 

the production of processing products in this sector is not stable, and at the same time, it is observed 

that the domestic industry is highly dependent on imported raw materials. This determines the high 

dependence on imports in the indicators of self-sufficiency in general. The issue of increasing the 

depth of processing has become a necessity in the direction of self-sufficiency with sunflower 

products . 

The research conducted in the direction of assessing the current situation in sunflower 

production in Azerbaijan showed that there is a need to increase the production potential in this area. 

In order to increase the production potential of the sunflower area in the country, first of all, 

favorable areas should be determined based on the agrotechnical parameters required for the 

cultivation of this plant and the country's soil and climate characteristics. 

The implementation of agrotechnical measures in the optimal period of cultivation of 

sunflower, which is one of the leading fields of agrarian economy in our republic, temporarily 

declined after the agrarian reforms, but now special attention is paid to increasing sunflower 

production every year in farms. 

However, in order to meet the ever-increasing demand of the industry for vegetable oils, it is 

very important to create new varieties with high productivity that will meet modern requirements and 

to study them in different agrotechnical conditions. The variety plays a special biological role in the 

implementation of intensive technology in the production of modern agricultural crops. Depending 

on the soil and climatic conditions, the agrotechnical measures required must be properly followed 

for any variety to produce a high and quality product. Under abnormal agrotechnical conditions, even 

cultivated varieties and hybrids are damaged and fail after a few generations. In order multi-

disciplinary scientific research works are being conducted to increase the productivity and oil quality 

of the plant, which has such a strategic importance. 
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The  researches  show that, taking into account the required agrotechnical parameters and soil-

climate characteristics, approximately 236 thousand hectares of land are suitable for sunflower 

cultivation in Azerbaijan, approximately 536 thousand hectares are less favorable, and the remaining 

areas are unfavorable. As it can be seen, there are enough favorable areas for the expansion of the 

sunflower cultivation area in Azerbaijan. 

It is possible to meet the demand of the processing enterprises operating in the country with 

local sunflower raw materials by increasing the volume of production due to the existing potential, 

that is, the expansion of sunflower cultivation areas 

At the same time, it should be taken into account that in addition to increasing production by 

extensive methods, higher productivity can be obtained due to the organization of sunflower 

production by intensive methods. 

Currently, the average yield of sunflower in Azerbaijan is 25.9 centners/ha, but the results of 

the conducted survey show that there are farms that obtain productivity up to 40-50 centners per 

hectare with properly selected productive varieties and at the same time following agrotechnical rules. 
Humbatov and Bashirov's researches indicated that when the yield of sunflower grain is 25 cents/ha,it 

is possible to obtained  1.2 tons of oil, 0.9 tons of sunflower oilcake, 0.5 tons of  husk (0.7 centner of yeast), 

30 kg of honey from 1 ha of cultivated land.  (Humbatov et al.,2016). 

However, discussions with market participants showed that 1 kg of oil can be bought from 2.86 

kg of sunflower seeds. Thus, if we assume the average yield of sunflower field to be 40 cents/ha, it is 

possible to obtain even 1.4 tons of oil from 1 ha of cultivated area. 

According to the calculations, in order to increase the level of self-sufficiency with sunflower 

grain under actual productivity conditions, it is necessary to expand sunflower cultivation areas by 

approximately 65 thousand ha. 

Domestic demand for sunflower raw materials in our country is 170 thousand tons. 144.2 

thousand tons (84.8%) of this demand is met by imports. 

Valiyeva and Khalilov (2020)  When the average yield of sunflower in our country is 40 

cents/ha, it is necessary to expand the existing area by 2.8 times to 42.5 thousand hectares in order to 

be fully self-sufficient with sunflower seeds.  

As a result of the expansion of the field to 50 thousand hectares, it is possible to produce 200 

thousand tons of sunflower seeds, which creates a prospect for the export of 30 thousand tons of raw 

mater ials. 

At the same time, the full realization of the capacity of the processing plants suggests that there 

is a potential for the production of approximately 62,000 tons of crude vegetable oil during oil 

processing. It should also be noted that the actual total production capacity of plants for potential 

sunflower oil processing is not enough. 

In the Strategic Roadmap "On the production and processing of agricultural products" it is 

emphasized that there are opportunities to increase the export of products such as sunflower oil and 

sunflower seed within the priorities aimed at strengthening the production potential of competitive 

agricultural and processing industry products in both domestic and foreign markets (Anonymous, 

2016). 

In order to ensure the development of sunflower production in our country, it is appropriate to 

improve the relevant regulatory mechanisms, including stimulation mechanisms, for the realization 

of the established directions. 

In order to achieve successful results in the field of sunflower production, should be studied all 

important issues, current situation and should be implemented strategic actions. One of these 

important issues is the organization of ecologically safe  sunflower production. As we mentioned, 

among vegetable oils in Azerbaijan, the consumption of sunflower oil is at the forefront. However, 

as a result of the improper use of chemicals in sunflower cultivation, the residues of pesticides and 

mineral fertilizers in the sunflower crop exceed the norm. In the Western region of Azerbaijan, 

Samukh district is considered to be the region specialized in sunflower production. Our research in 

this region shows that farmers use excessive pesticides and mineral fertilizers in the production of 

sunflowers, are unaware of alternative methods that replace chemical means, and all this leads to the 
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production of products contrary to sanitary and hygienic norms for human health. If we take into 

account that the residues of chemicals, especially pesticides, form new stable metabolites after the  

hydrothermal process and they can remain in sunflower oil for a long time, then it becomes clear this 

problem is how urgent. Taking into account the above, we have conducted research to produce 

ecologically friendly sunflowers, incorporating nature-friendly approaches. 

We have set ourselves the goal of studying the effect of complex agrotechnical measures on the 

quality indicators of the ecologically safe sunflower product under the conditions of the Ganja-

Dashkasan economic region. 

 

2.MATERIALS AND METHODS  
 

In our experiment, we have studied the effect of plant density, irrigation, application of organic 

fertilizer norms, delivery method on the quality indicators of ecologically safe sunflower product. 

The research is carried out on "Oreshka", "Kazio" and "Alazan" varieties of sunflower in 

Samukh region. 

Alazan- It is a two-line hybrid created by French breeders. Its height is 160-172 cm, the 

diameter of the basket is 17-18 cm, it is thin, flat, and not inclined. The oil content of the seed is 46.0-

52.0%. It has high technological characteristics as an equal height, regular yielding, simultaneous 

maturing hybrid. It is highly productive. In 2004-2006, it gave a seed yield of 30.5 s/ha in the 

competitive variety test in the demonstration field. Oil yield per hectare is 14.1 cents on average in 4 

years. 54-59 thousand plants are kept per hectare. Vegetation period is 94-101 days. 

Oreshka- Obtained from the local variety grown in Mariopol, Ukraine at the Armavir 

experimental station of the All-Union Scientific-Research Institute of Oil Plants (VNIIMK) through 

repeated individual selection. It yields 34.8 centners of grain per hectare. Oil content is 53%. It is 

possible to buy 16.6 centners of oil per hectare. The height of the plant is 175-215 cm. The vegetation 

period is 90-94 days. It is a medium maturing variety resistant to drought, sunflower blight and 

verticillium wilt.                       

Kazio- Was obtained by individual selection from plants obtained from free pollination of 

several varieties of different origin with the Zelyonka 63 variety at the Belgorod experimental station 

of the Scientific-Research Institute of Oil Plants (VNIIMK). It yields 28.2-34.5 centners of grain per 

hectare. Fat content is 51.8-54%. It is possible to buy 13.2 - 16.8 centners of oil per hectare. The 

height of the plant is 170 cm on average, the vegetation period is 90-105 days. It is a medium maturing 

variety, resistant to sunflower moth and verticillium wilt. 

In the experiment were applied in each of the varieties, Control-5 tons of manure, 10 tons of 

manure, 15 tons of manure, 42, 47 and 56 thousand plant density per hectare, 3, 4 and 5 irrigations.  

It is known that the implementation of each agrotechnical measure in the optimal time makes it 

possible to obtain abundant and high-quality products. 

The experiment consists of 9 variants and each variant has 4 repetitions. In the experimental 

field, each replicate is 50 meters long and 2.8 meters wide (4 rows, 70 cm between rows), the area of 

one replicate is 140 m2, the area of one option is 560 m2, and the total area of the experimental field 

is 5040m2. 
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Table 3. The following agrotechnical measures were implemented in the experimental field 
 

      № Agrotechnical measures and time of their implementation  Time of implementation 

1 Cleaning plant residues from the field 10.11.2022 

2 Applying organic fertilizers under  the plough 12.11.2022 

3 The late ploughing 26.11.2022 

4 Opening the irrigation furrow 03.12.2022 

5 Conducting the frost  irrigation 24.12.2022 

6 Harrowing of the irrigated field 01.02. 2023 

7 Bed preparation for sowing 03.03. 2023 

8 Harrowing 07.03. 2023 

9 Sowing 11.03. 2023 

10 Thinning 30.03.2023 

11 1st irrigation 05.04.2023 

12 Conducting the 1st cultivation 08.04.2023 

13 1st hoeing 12.04. 2023 

14 2nd  irrigation 23.04. 2023 

15 Conducting the 2nd cultivation 28.04. 2023 

16 2nd  hoeing 01.05.2023 

17 3rd  irrigation 17.05. 2023 

18 4th  irrigation 04.06.2023 

19 Harvesting the yields 06.07.2023 

 

3. RESULT AND DISCUSSION  

 

In 2023, the following results were obtained due to the effect of the agrotechnical measures we 

applied in the cultivation of the sunflower plant in the study area. 

1. Complex agrotechnical measures had a different effect on the general development dynamics 

of sunflower varieties. In all three varieties, the development stages  were observed a few days earlier, 

which variants were applied 70X30-1 (47 thousand plants) sowing scheme and plant density, 10 tons 

of manure per hectare and 4 irrigations. 

2. The height of the main stem in different development stages of the studied varieties was as 

follows. In the flowering stages, the height of the main stem in the "Alazan" variety was 43-75 cm in 

the control variant, 59-85 cm in basket formation and 82-102 cm in maturity. Those indicators vere 

higher  in the 70X30-1 (47 thousand plants) sowing scheme, 10 tons of manure per hectare and 4 

irrigations variant, varying between 82-107,135-162 and 168-203 cm. Oreshka and Kazio varieties 

also achieved a higher result in the 70X30-1 (47 thousand plants) sowing scheme, 10 tons of manure 

per hectare and 4 times irrigation. In general, the indicators of the Oreshka variety were higher, 

varying between 252,2-272,4 cm. 

3. In the Alazan variety, the number of baskets in one bush is 2-4, depending on the variety, the 

weight of the grains in the basket is 425-660 grams, in the Oreshka variety, the number of baskets in 

one bush is 2-4, depending on the variety, the weight of the grains in the basket is 570-642 grams, in 
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the Kazio variety, the number of baskets in one bush is 2-4, depending on the variety, the weight of 

the grains in the basket was 566-680 grams. 

4. The weight of 1000 seeds per variant was higher in each 3 varieties in the 70X30-1 (47 

thousand plants) sowing scheme, 10 tons of manure per hectare and 4 times irrigation. The weight of 

1000 seeds was in the variants of the Alazan variety is 45-61, 73-82 and 75-85 grams, in the Oreshka 

variety 58-70, 78-85 and 77-83 grams, in the Kazio variety 56-73, 76-88 and 74-84 grams. 

5. The effect of organic fertilizer rates, sowing scheme, plant density and irrigation were 

different on the productivity of sunflower varieties. The productivity per hectare in the variants varied  

in the Alazan variety between 23,2-27,1 centners, in the Oreshka variety 28,2-31,7 centners and in 

the Kazio variety between 26,7-28,8 centners. The yield was higher in varieties with 70X30-1 sowing 

scheme, 10 tons of manure, 47 thousand plant density per hectare and 4 times irrigation. 

6. The effects of organic fertilizer rates, sowing scheme, plant density and irrigation were 

different on oil extraction and oil content  of sunflower varieties. The oil content of the seeds was 

between 42,4-45,7% in the Alazan variety, and the oil extraction was  810- 1240 liter/ha. In the 

Oreshka variety, the oil content of the seeds was between 44,1-46,2%, and the oil yield extraction 

1210- 1370 liter/ha. In Kazio variety, the oil content  of the seeds was between 43,4-44,5%, and the 

oil extraction was 1110- 1260 liter/ha. In all three varieties, seed oil content and oil extraction were 

higher in the 70X30-1 sowing scheme, 10 tons of manure, 47 thousand plant density per hectare and 

4 times irrigation. 

7. The impact of complex agrotechnical measures on the economic efficiency of sunflower 

varieties was different. In all options, the highest indicators were obtained from the option with 10 

tons of manure, 70X30-1 sowing scheme, 47,000 plant density per hectare and 4 irrigations. So, in 

the mentioned variant, the net income of the Alazan variety was 2730 manats and the level of 

profitability was 218,4%. In the Oreshka variety, the net income was 3405 manats, and the 

profitability was 272,4%, and in the Kazio variety, the net income was 3015 manats, and the 

profitability was 241,2%. 

The results of the study are shown in more detail in tables 4 and 5. 

Based on the results obtained from experience, we can say that due to the effect of complex 

agrotechnical measures applied in all 3 varieties, the highest indicators in all options were obtained 

from 10 tons of manure, 70X30-1 sowing scheme, 47 thousand plant density per hectare and 4 

irrigation options. 

From all that has been said, it is clear that there is a great need to meet the demand for sunflower 

products through local production, and to develop the field of sunflower production and processing. 

Bu istiqamətdə aşağıdakı tədbirlərin həyata keçirilməsi məqsədəuyğundur: 

In this direction, it is appropriate to implement the following measures: 

- Detection of potential areas for sunflower production in the country through the GIS system 

and, as a result, continuation of measures in the direction of maximum use of the production potential; 

-Creation of seed farms for cultivation of new productive seed varieties, establishment of 

processing enterprises in the territories of agroparks operating in regions with favorable conditions 

for sunflower production; 

- In order to increase and modernize the production capacity of existing processing enterprises, 

replacement of outdated equipment with techniques and equipment that meet modern standards; 

- Simplification of procedures and lowering of state fees during sunflower oil certification; 
- Taking measures to ensure that the packaging and labeling of sunflower oil meet international 

standards; 

- Educating farmers through information and advisory services to increase seed productivity 

and agrarian literacy. 
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Table 4. Complex agrotechnical measures of sunflower varieties 

      effect on productivity and oil extraction  

Varieties 
Sowing scheme and plant 

density, thousand units/hectare 
Organic fertilizer rates Irrigations 

Seed productivity 

cent/ha 

Oil content, 

 in % 

Oil extraction, 

liter/ha 

 

Alazan 

70X35-1(42 thousand plants) 

 
Control-5 tons of manure 3 times 23,2 42,4 810 

70X30-1(47  thousand plants) 

 
10 tons of manure 4 times 27,0 45,7 1240 

70X25-1(56 thousand plants) 

 
15 tons of manure 5 times 27,1 44,4 1110 

 

Oreshka 

 

70X35-1(42 thousand plants) 

 
5 tons of manure 3 times 28,2 44,1 1220 

70X30-1(47  thousand plants) 

 
10 tons of manure 4 times 31,7 46,2 1370 

70X25-1(56 thousand plants) 

 
15 tons of manure 5 times 30,6 45,3 1210 

Kazio 

70X35-1(42 thousand plants) 

 
5 tons of manure 3 times 26,9 43,4 1110 

70X30-1(47  thousand plants) 

 
10 tons of manure 4 times 28,9 44,5 1260 

70X25-1(56 thousand plants) 

 
15 tons of manure 5 times 28,4 43,8 1160 
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Table 5. Complex agrotechnical measures of sunflower varieties 

impact on economic efficiency 

Varieties 

Sowing scheme and plant 

density, thousand 

units/hectare 

Organic fertilizer rates Irrigations 

Seed 

productivity, 

cent/ha 

Total 

income, 

manats  

Production 

costs, 

manats  

Net income, 

manats  

Profitability, 

 in % 

 

Alazan 

70X35-1(42 thousand plants) 

 
Control-5 tons of manure 3 times 23,2 3480 1250 2230 178,4 

70X30-1(47  thousand plants) 

 
10 tons of manure 4 times 27,0 4050 1320 2730 218,4 

70X25-1(56 thousand plants) 

 
15 tons of manure 5 times 27,1 4065 1350 2715 217,2 

Oreshka 

 

70X35-1(42 thousand plants) 

 
5 tons of manure 3 times 28,2 4410 1250 3160 252,8 

70X30-1(47  thousand plants) 

 
10 tons of manure 4 times 31,7 4755 1350 3405 272,4 

70X25-1(56 thousand plants) 

 
15 tons of manure 5 times 30,6 4590 1320 3270 261,6 

Kazio 

70X35-1(42 thousand plants) 

 
5 tons of manure 3 times 26,9 4035 1250 2785 222,8 

70X30-1(47  thousand plants) 

 
10 tons of manure 4 times 28, 9 4335 1320 3015 241,2 

70X25-1(56 thousand plants) 

 
15 tons of manure 5 times 28,4 4260 1350 2910 232, 8 
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 1. INTRODUCTION  

Integrating simulation methodologies into industrial systems has become essential in the 

age of Industry 4.0 and the Internet of Things (IoT), where digitalization and connectivity drive 

continuous improvement and operational efficiency. Simulation is a powerful enabler in these 

interconnected landscapes. It offers detailed analytical tools that allow industries to explore 

hypothetical changes and assess their impacts on complex systems (de Paula Ferreira et al., 

2020; Carothers et al., 2017; Koch, 2024). As computational power advances and costs 

decrease, simulation has become increasingly accessible, extending its utility to large and small 

businesses (Teerasoponpong & Sopadang, 2021; Escoto et al., 2022). This accessibility has led 

to a surge in simulation adoption, fostering the development of sophisticated software solutions 

tailored to diverse industrial needs. These applications incorporate traditional functionalities 

while introducing cutting-edge features, such as advanced 3D modeling and immersive 

interfaces, further enhancing the realism and accuracy of simulations. 

The convergence of simulation with Industry 4.0 technologies amplifies its impact across 

manufacturing, logistics, supply chain management, and service sectors. Simulation is critical 

in supporting real-time scenario analysis, optimizing resource allocation, and streamlining 

operations by identifying bottlenecks and testing solutions before implementation 

(Nimmagadda, 2021; Qureshi et al., 2020). Companies can dynamically model their operations 

by integrating simulation with IoT, big data, and machine learning and gain predictive insights 

into potential challenges. This integration empowers professionals to make data-driven 

decisions that enhance productivity, reduce costs, and improve operational resilience (Uslu & 

Fırat, 2021; Uslu, 2023). 

Simulation’s theoretical foundations are frequently complemented by practical case 

studies demonstrating its successful application across industries. These case studies not only 

validate the utility of simulation but also highlight essential skills needed by simulation experts 

to keep pace with rapid technological advancements. For instance, e-commerce growth has 

increased the need for accurate simulation models to optimize warehouse layouts, streamline 

logistics, and minimize capital expenditures in system implementation (Zhu, 2020). Through 

iterative model development, verification, and rigorous analysis, simulation experts ensure that 

their models are valid and reliable—critical factors in managing the complexities of large-scale, 

dynamic industrial environments. 

Simulation methodologies are increasingly varied, reflecting the diverse needs of modern 

industry. Simulations can operate at multiple levels, ranging from high-level, enterprise-wide 

applications that target strategic opportunities to localized, process-specific models in 

production or logistics. In the Industry 4.0 era, simulation types such as discrete-event, agent-

based, and hybrid models incorporate AI, optimization techniques, and IoT integration, 

allowing for more detailed, flexible, and scalable models. These advanced simulations enable 

companies to model operations on an unprecedented scale, providing insights that support 

strategic decision-making, cost reduction, and enhanced productivity—critical advantages for 

sustainable and competitive operations (Nagy et al., 2023). 

Enterprise-level simulations often focus on opportunities relevant to management and 

design teams engaged in supply chain and manufacturing planning. Simulation tools at this 

level can function independently or integrate with larger systems, sharing data and models to 

provide a comprehensive view of interconnected processes. For example, a global supply chain 

model may require simulation to identify efficiency gains in lead times or inventory 

management. At a more localized level, process-specific models can be used to optimize 
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workflows in production or logistics, targeting improvements in cycle time, resource allocation, 

or bottleneck management. 

This chapter delves into simulation technologies and their role in industrial applications, 

focusing on three primary methods: Discrete Event Simulation (DES), Agent-Based Simulation 

(ABS), and Monte Carlo Simulation (MCS). In Section 2.1, DES is introduced as a method 

ideal for modeling systems with discrete changes, such as production scheduling and inventory 

management. Section 2.2 covers ABS, highlighting its effectiveness in simulating individual 

entity interactions within a system, useful for scenarios involving human decision-making and 

autonomous processes. Section 2.3 examines MCS, focusing on its application in assessing 

risks and uncertainties within manufacturing contexts. Chapter 3 explores these simulation 

methods’ practical applications in manufacturing, from resource allocation to process 

optimization. Chapter 4 provides an in-depth analysis of the benefits and challenges of 

implementing these technologies, including integration with Industry 4.0 and IoT 

environments. Finally, Chapter 5 summarizes key insights and future directions for simulation 

technologies in enhancing industrial efficiency and resilience. In sum, this chapter provides a 

comprehensive look at simulation as a driver for efficiency and process improvement in 

manufacturing and supply chain contexts, emphasizing its critical role in the digitally connected 

environments of Industry 4.0 and IoT. 

2. SIMULATION TECHNOLOGIES IN INDUSTRIAL APPLICATIONS 

Simulation technologies have become indispensable in industrial applications, providing 

sophisticated tools for analyzing, optimizing, and predicting complex system behaviors. These 

methodologies support decision-makers by offering detailed insights into various industrial 

processes, from manufacturing to supply chain management. With data collection and 

computational power advancements, modern simulation techniques can now model the 

multifaceted dynamics of Industry 4.0 environments. This chapter explores three primary 

simulation methods that have each evolved to address different aspects of industrial complexity. 

Discrete Event Simulation (DES) enables detailed analysis of process flows and resource 

management, while Agent-Based Simulation (ABS) captures the nuanced decision-making and 

interactions of individual entities within the system. Additionally, Monte Carlo Simulation 

(MCS) provides a statistical framework to assess risks and uncertainties inherent in many 

industrial settings. Together, these methods form a robust toolkit, allowing for comprehensive 

and adaptable simulation approaches that align with efficiency, productivity, and resilience 

goals in modern industrial contexts. 

To identify the main topics and associated literature related to discrete event simulation, 

agent-based simulation, Monte Carlo simulation, manufacturing, industrial applications, 

Industry 4.0, and IoT, an automated search is conducted using the Web of Science database. 

The search keywords included "Discrete Event Simulation," "Agent-Based Simulation," 

"Monte Carlo Simulation," "Manufacturing," "Industrial Applications," "Industry," "Industry 

4.0," and "IoT." Utilizing VOSviewer software, a cluster map is generated to categorize and 

visualize the thematic areas and research focuses within these domains (see Figure 1). This aims 

to highlight the interconnections among these clusters and provide a comprehensive view of the 

literature related to simulation technologies and their applications in modern industrial and 

manufacturing contexts. 

Discrete Event Simulation (DES) - Pink and Blue Clusters: Blue capture is the primary 

application and discussion around discrete event system simulations. It includes central topics 

in DES like system control and data integration, which are key aspects of discrete event systems 

within manufacturing and process control environments. Although closely related to the DES 
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cluster, this separate pink cluster focuses on discrete-event simulation's broader conceptual and 

methodological aspects. It includes keywords like emergent behavior and modeling issues, 

reflecting this simulation method's theoretical and computational challenges. 

 

 

Figure 1. Cluster Map of Key Research Topics in Simulation Technologies for Industry 4.0 

and IoT Applications 

Manufacturing Systems—Brown and Light Blue Clusters: The brown cluster focuses 

on manufacturing systems and includes keywords such as lean assessment, automated guided 

vehicles, and dynamic decision-making. The presence of these terms indicates a focus on 

optimizing manufacturing processes, integrating automation, and evaluating system 

performance through simulation. This distinct manufacturing system cluster in light blue 

encompasses broader themes within the manufacturing context. It includes topics such as multi-

agent simulation and life-cycle assessment, signifying a comprehensive manufacturing 

simulation approach that considers the full lifecycle of products and systems. 

Monte Carlo Simulation - Red Cluster: The red cluster, dominated by Monte Carlo 

simulation, encompasses terms like reliability, construction, and flexibility. Monte Carlo 

simulation is widely known for its application in risk assessment and reliability analysis, 

especially in sectors requiring precise probability modeling. The association with reliability and 

flexibility indicates that Monte Carlo simulations are valuable in construction and 

manufacturing settings, where they are employed to predict potential failures and optimize 

resource allocation under uncertainty. The connection between Monte Carlo simulation and 

construction suggests a cross-disciplinary relevance, where Monte Carlo methods extend 

beyond manufacturing to support areas like construction project planning, where uncertainty 

management is crucial. This highlights the adaptability of Monte Carlo simulation in different 

industrial contexts, providing a robust approach for decision-making under variability. 

Agent-based Simulation - Green Cluster: The green cluster represents agent-based 

simulation, which models individual agents with autonomous behaviors. This type of 
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