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Abstract
Geometric indices of bird eggs are numerical parameters describing their shape, size and proportions, with great potential for applications in artificial intelligence (AI) and machine learning. The presence of a universal mathematical indicator characterizing the profile of certain eggs can be invaluable for scientific and practical aspects. This study aimed to derive an integral indicator termed Egg Geometrical Index (EggGI). It incorporated the values of three main geometric egg indices: shape index, asymmetry index, and conicity index. We established that the shape index, i.e., the ratio of the maximum breadth of the egg to its length, has the greatest impact on the EggGI value. Herewith, EggGI had a significant positive correlation with the metabolic index (the ratio of the surface area of the egg to its volume). The methodological approaches herein describe the use of EggGI to look into its relationship with hatching results, physiological features of embryonic development and evolutionary changes in geometric egg shape. The proposed innovative technological approach can help not only to describe eggs externally based on a new integral shape index, but also to investigate possible correlation with some inner variables. This could serve as the basis for imaging eggs of a specific (desired) shape using AI-assisted technology advancements in poultry production chains. The EggGI value may also contribute to the effectiveness of further studies to establish the relationship between shape and content parameters of avian eggs.
Keywords: avian eggs; egg geometry; egg mathematical indices; egg surface to volume ratio; egg shape evolution; deep learning (DL)
1. Introduction

The geometry of bird egg shapes has often been celebrated in fields of the mathematical scientific literature and beyond (Gardner, 1997; Kjeldsen, 2009; Kirsh, 2010). With superlatives like “harmony” and “elegance” often used (Ramm, 1992; Merrick, 2010; Mytiai & Matsyura, 2022), egg shapes serve as an inspiration for artists (Gilbert, 1974; Herz-Fischler, 1990; Maddaluno, 2019; Hempe, 2020; Rumekso, 2024) and architects (Freiberger, 2007; Petrović et al., 2011; Park et al., 2018; Obradović & Martinenko, 2023; Pan, 2024). The strength and design features of the egg profile have been embodied in various technical (Lazarus et al., 2012; Zhang et al., 2017a,b, 2019, 2021; Guo et al., 2020; Narushin et al., 2022c; Levine et al., 2022) and construction products (Maulana et al., 2015; Juračka et al., 2023; Hou et al., 2024; Katzer & Kobaka, 2024). Such popularity of egg geometry, therefore, justifies its further deeper, more fundamental study (Maasz & Siller, 2011; Zhang et al., 2016; Darbandi et al., 2024).

The description of egg profiles is usually carried out in two main directions as follows: (i) the creation of mathematical equations (Preston, 1953; Smart, 1969; Baker, 2002; Biggins et al., 2022; Narushin, 2001; Narushin et al., 2021a, 2022b, 2023a,b), and (ii) the embodiment of shape features using mathematically expressed indices (Preston, 1968, 1969; Mänd et al., 1986; Narushin, 2001; Mytiai & Matsyura, 2017; Biggins et al., 2018; Montgomerie et al., 2021). An alternative to (i) and (ii) is some comparative verbal description, for instance, ‘oblong’, ‘round’, ‘oval’, etc. (e.g., Horhoruw, 2024) or ‘sphere’, ‘ellipsoid’, ‘ovoidal’ (e.g., Koyama et al., 2019). Both approaches have their advantages and areas of application. Mathematical equations are most often used to calculate the geometric characteristics of eggs (Lian et al., 2024; Wang et al., 2024), representing them as solids of revolution, such as volume, surface area, projection area, curvature, etc. (e.g., Narushin et al., 2020, 2021b,c, 2022d, 2024a).

Geometric indices mainly serve as criteria for assessing the relationship between egg shape and some useful economic indicators in the poultry industry (e.g., Ostryakova et al., 2010, 2011; Yilmaz-Dikmen & Dikmen, 2013; Kayadan & Uzun, 2023), or physiological characteristics of birds when performing biological studies (e.g., Montgomerie et al., 2021; Stoddard et al., 2017, 2019). A review of the opportunities and prospects for the practical application of knowledge about the geometric features of egg shapes made it possible to predict their wide range of use in the deep learning (DL) and machine learning (ML) fields of artificial intelligence (AI) for recognizing egg contours that have differences in incubation and nutritional properties, acceptable shelf life, hatching time, embryo sex and others (Bengua et al., 2022; Cohen & Horovitz, 2023; Narushin et al., 2025a). For these purposes, eggs should be pre-sorted into groups corresponding to certain intervals of a certain index, after which a process of in-depth study should be carried out in order to find the relationships of interest (Alikhanov et al., 2018, 2019; Nasiri et al., 2020; Han et al., 2022). One of the key features of DL is to teach AI to distinguish images with sufficient accuracy (e.g., Zhang, 2024), including those of a fairly small format (e.g., Ye et al., 2025). As many studies have shown, evaluating images of bird eggs has proven to be a feasible task with a guaranteed high recognition rate (Çevik et al., 2022; Nakaguchi and Ahamed, 2022; Huang et al., 2023; Sánchez et al., 2023; Gayathri et al., 2024; Sahin and Onder, 2024). Despite the obvious promise of such investigations, it is quite difficult to implement them in practice, because the number of all possible indices by which the check can be carried out is quite large (Biggins et al., 2018). How we choose the principal index relevant to the scientific question at hand can thus become problematic. If we assume that all indices are basic, then how to enumerate them when it is impossible to fix the values of a number of parameters at a certain level in order to vary the data of only one of them? It should also be noted that one of the conditions for measuring indices is their non-destructive evaluation (Loffredi et al., 2021; de Oliveira-Boreli et al., 2023; Islam et al., 2024). Since it is precisely this methodological approach that will warrant the possibility of its practical application in industrial technologies (Yao et al., 2022; Ahmed et al., 2023).
In this regard, the present study aim to provide a single, unified index that integrally includes all the geometric nuances of egg shape. The development of such an index can potentially help solve a suite of theoretical and practical problems. Introducing this index here, we propose a DL-assisted technique for determining the contours of eggs that have visual differences, which, along with the novel egg shape index, will be beneficial for practical assistance in both performing biology research and implementations of the obtained results in poultry industry. On the other hand, how can we achieve the unification of many indices into one? They are all important, although they may have varying degrees of influence on the geometric features of the egg profile. The novelty of such studies will consist in substantiating the quantitative influence of each of the selected indicators on the general geometric features of the egg shape, and developing a mathematical model for calculating a single integral parameter that takes into account both the nuances of egg geometry and the level of their individual contribution to the value of such an integral parameter. We address this question after conducting the theoretical studies outlined below.

2. Theory and methodology
2.1 How to combine indices?

Narushin et al. (2024b) concluded that the entire variety of geometric indices characterizing the egg profile can be reduced to three main ones: the shape index (B/L); the displacement (or the asymmetry) index (w/L); and the conicity index (Dp/B). Here B is the egg maximum breadth; L is the egg length; w is the parameter that conforms to the distance between two vertical lines, corresponding to the maximum breadth and the half length of the egg; and Dp is the egg diameter at a point shifted from the pointed end by a distance of 1/4L. This assumption is based on the universal egg formula derived by Narushin et al. (2023a) that can be used to mathematically describe the geometric profile of any egg, especially if this formula is presented in the following form:
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(2)
Thus, based on the composition of Eqns 1 and 2, only three indices indeed influence the variation of the egg function y/L = f(x/L): B/L, w/L and Dp/B. Our task, then is, somehow, to combine all three indices into a single one that we will conditionally term the Egg Geometrical Index (EggGI).

To determine EggGI, we need to isolate all three indices as separate functions not related to the argument x/L. In Eqn1, only the B/L index meets this criterion, which is a separate multiplier and is not related to any other part of the function. But the w/L and Dp/B indices are so “intertwined” with x/L that, in order to isolate them as a separate dependence, some mathematical transformations should be performed. First, let us define the logic of such transformations. Since all three indices characterize the geometry of the egg profile in each pair of points with coordinates (yi/L; xi/L), where i corresponds to a certain selected interval on the abscissa axis, it is logical to calculate EggGI as a mean of all such points. Thus, our task has been reduced to finding the coordinates of such an average point lying on the egg contour. In this case, it is necessary to take into account the enormous variety of egg shapes, each of which will have its own 'average' point.

To begin with, let us implement a simulation approach and form a database of all possible geometric variations in the contours of bird eggs. Eggs of domestic bird species, both the most common (chicken, duck, goose, turkey and Japanese quail) and less common (guinea fowl, pigeon and ostrich) have a huge diversity of geometric shapes, the variability of which is no less than that of their wild counterparts. In addition to the natural factor of interspecific variability, such diversity is also due to certain breeding and production effort by human, as a result of which the number of birds of each poultry species has increased many times over. Additionally, there is an impact of various climatic conditions and maintenance on inter- and intraspecific diversity, which may also make some adjustments to the shape of the eggs laid. As a result, we decided that the integral geometric indicator should take into account all possible nuances of the shape of any eggs that are present in nature. It is possible that certain bird species that are currently classified as wild may begin to be grown industrially tomorrow as happened with quails in their time. Initially, let us define the possible variations in the w/L and Dp/B ratios. As for the former index (w/L), the boundaries of its variability range have been studied by us quite extensively (Narushin et al., 2021a, 2022a, 2023a,b), as a result of which it can be stated that possible variations in w/L can be expressed at the level of [0 … 0.2]. In the case of the Dp/B ratio, its possible variations can be determined based on the conditional boundary shapes of the geometric profiles of avian eggs. We have demonstrated theoretically (Narushin et al., 2021a, 2023a) and verified practically (Narushin et al., 2023b) that the actual profile of the pointed end of the entire variety of bird eggs lies in the interval between two geometric figures: a parabola (the minimum possible value of Dp/B) and an ovoid (the maximum possible value of Dp/B) defined by the hügelschäffer formula (Narushin et al., 2020). Since the egg diameter Dp passes through the point x = L/4, and y is equal to Dp/2, for both formulae we are interested in only this condition. Then, for the equation of a parabola we have the following minimal value of Dp/B:
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(3)
Correspondingly, for the hügelschäffer model, the maximum value Dp/B is determined as follows:
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(4)

To the obtained boundary intervals of possible variations of Dp/B (Eqns 3 and 4), three more intermediate variants were added by appropriately dividing the interval [(Dp/B)min … (Dp/B)max] into four parts.

The interval of possible w/L variations was also represented by four consecutive values: 0.01, 0.06, 0.12 and 0.18. Each of the selected w/L values was substituted into Eqns 3 and 4 to find the corresponding boundary and intermediate Dp/B values. It should be noted that each value of w/L has its own boundary and, accordingly, intermediate Dp/B values. Afterwards, the w/L values and the corresponding Dp/B values were substituted into Eqn2, calculating the possible wp/L variations. After already having a complete set of values (w/L, Dp/B and wp/L), we substituted them into Eqn1, obtaining all conditionally possible variations of egg shapes (Fig. 1). Since the B/L index does not affect the EggGI output, as it is not closely mathematically related to the x/L values, its value was conventionally taken to be 0.7 only for the demonstration purpose of visualizing possible changes in egg profiles.

For each egg profile, the mean y/L value and the corresponding location of the x/L value on the abscissa axis were determined. Hereby, it was concluded that any value of the B/L index within the possible ranges [0.5 … 1.0] does not affect the location of the mean value of the argument on the horizontal axis. The coordinate of this location of the mean value (x/L)mean depends only on the values of the w/L and Dp/B indices (Fig. 2).

Each of the obtained functions (Fig. 2) has a linear character, which made it possible to approximate them with an equation of the following type:
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where a and b are constant coefficients. The values of a and b depending on w/L for the graphs in Fig. 2 are presented in Table 1.
Table 1. The values of a and b depending on w/L for the graphs in Fig. 2

	w/L
	a
	b

	0.01
	0.4301
	0.0617

	0.06
	0.4194
	0.0629

	0.12
	0.4024
	0.0647

	0.18
	0.3914
	0.0729


To obtain the final calculated dependence (x/L)mean = f(w/L; Dp/B), the values of each of the coefficients a and b were expressed by the corresponding function (Fig. 3) and approximated by the most appropriate equation.

The produced data (Fig. 3) and their substitution into Eqn5 allowed us to obtain the final calculation formula as follows:
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(6)

The adequacy test of the actual values of (x/L)mean and those obtained as a result of calculation using Eqn6 demonstrated a correlation between them at the level of 0.9996 (p < 0.01).

To finally derive the calculation formula for EggGI, we had to determine the mathematical relationship between the w/L and Dp/B. The values of the function characterizing such a relationship will be the results of the ratio (y/L)mean : (B/L) obtained from Eqn1 after substituting the set of w/L and Dp/B values with the corresponding recalculation of wp/L according to Eqn2, while x/L = (x/L)mean was determined according to Eqn6. The EggGI values will conform to the values of (y/L)mean. For this purpose, we formed a simulation database in which the w/L index took values from 0 to 0.2 with a step of 0.01, i.e., it consisted of 21 values, while the interval [(Dp/B)min … (Dp/B)max] was divided into ten parts. That is, it contained 11 variations of egg shapes, including intermediate options, in addition to the five that we demonstrated in Fig. 1. In other words, it contained not four contours for each variant, but already 21, according to the set of w/L values. Substituting the generated sets of indices, respectively, into Eqn6 to calculate (x/L)mean and, them, in Eqn1, taking into account the accepted condition x/L = (x/L)mean, we supplemented the original database with calculated values of (y/L)mean that conform to the universal EggGI index. As a result, the generated simulation database contained 231 values, which were approximated by various variants of mathematical functions, which allowed us to obtain the following final calculation formula for EggGI:
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(7)
The coefficients in Eqn7 are obtained as a result of the mathematical process of data approximation, and therefore, based on their values, it is quite difficult to judge the contribution of each of the indices (B/L, w/L and Dp/B) to the value of the integral indicator EggGI. In this regard, we have carried out the following theoretical studies outlined below.
2.2 EggGI and its properties
Currently, a number of methodological approaches have been developed for combining several indices into one universal one (e.g., Decancq & Lugo, 2010). The most common and logically sound is the so-called weight method, which takes into account the degree of influence (weight) of each index. In our case, this method cannot be applied, since it is extremely difficult to say anything about the strength of influence (its weight) of each of the B/L, w/L and Dp/B indices on the geometric features of the egg shape. Or rather, it was difficult until we derived this universal index (EggGI). Now, with the calculation formula (Eqn7) and the simulation approach relative to information on possible variations of the parameters included in it, we can analyze the degree of influence of each of them on the final value of EggGI. To do this, we will compile a simulation database of virtual eggs with all possible sets of B/L, w/L and Dp/B indices. The easiest way is to apply the existing w/L and Dp/B data, which we used to calculate EggGI. However, those calculations did not involve the B/L index, whose values can fluctuate from 0.5 to 1.0 (e.g., Narushin et al., 2024b). Enumeration of B/L variants within this interval with a step of 0.1 allowed us to expand the simulation database to 1386 combinations of B/L, w/L and Dp/B, each of which corresponded to an egg of a certain geometric shape. Afterward, we can draw a conclusion about the contribution of each of the original values to the variance of the dependent variable using regression coefficients (e.g., Petchko, 2018). In this respect, a quantitative measurement of the effect of each index in formula (7) was carried out by conducting a regression analysis. The resultant regression equation was as follows:
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(8)

with R2 = 0.9997.

As follows from Eqn8, the largest value of the coefficient in the regression equation refers to the shape index (B/L). The value of this coefficient is almost four times higher than that of the coefficient for the w/L index and more than twice as large as that for Dp/B. Thus, the main contribution to the geometric features of the egg profile is made by the shape index (B/L). It is not without reason that this index was the first criterion for egg shape (Dunn & Schneider, 1923; Hamilton, 2022) and is still perhaps the most common parameter in describing the geometry of egg profiles. If we evaluate the variation coefficient of each parameter included in the regression equation (Eqn8), we have the following results in terms of the average values: 0.75 ± 22.8% for B/L, 0.1 ± 60.6% for w/L, 0.713 ± 8.4% for Dp/B, and 0.279 ± 22.9% for EggGI. Similar variation values for EggGI and B/L once again demonstrate the close interdependence of these indices. The asymmetry index (w/L) is the most variable, which is reflected in the geometric features of the eggs, ranging from elliptical to extremely elongated; however, its contribution to the integral geometric index EggGI is quite small. The variation in the conicity index (Dp/B) is the least pronounced in comparison with the others. There is a logical explanation for this based on the physiological characteristics of embryonic development. After all, the embryo needs to have enough living space to undergo its development from a cell to a practically-formed chick ready to hatch.

On the other hand, it should be noted that the above is a simulation-assisted, i.e., theoretically generated, database of virtual eggs, the shape of which is acceptable from the view point of the geometric capabilities of the derived mathematical equations. In reality, eggs of this shape may not exist in nature. Therefore, it is advisable to test the theoretical premises by practical measurements and subsequent geometric analysis of actual eggs.
Another useful property of EggGI may be its relationship with the ratio of the surface area of the egg to its volume (S/V). This parameter carries a lot of valuable information about the egg characteristics and can serve as a criterion for the metabolism of the developing embryo (Narushin et al., 2024b,c,d). Using the theoretical calculation formulae for S and V (Narushin et al., 2024a), one can verify that their ratio almost entirely consists of a set of indices B/L, w/L and Dp/B as follows:
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(9)
Eqn9 can be represented as follows:
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where k is respectively equal to:
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(11)
Using the theoretically generated (simulation) database of virtual bird egg contours, we found a strong relationship between k and EggGI at R = 0.912 (p < 0.01) as visualized in Fig. 4.

Despite the obvious tendency for the k value to grow with the EggGI increase, it is difficult to say unequivocally about a similar effect of EggGI on S/V, because Eqn10, in addition to k, also includes the egg breadth (B). Since the B parameter is in the denominator of Eqn10, its elevation will contribute to an increment in S/V. However, such an increase will also affect the change in the values of the B/L and Dp/B indices, while it is quite difficult to draw a definite conclusion about how this will affect the final result, both when calculating S/V and EggGI. In order to estimate the possible effect of B on the S/V and EggGI values and then reasonably judge their relationship, we decided to use constant parameters of a particular egg. If such egg geometrical parameters as L, w and Dp are left unchanged, and B is gradually increased, say, by 1–10% of the original value, then Eqns7 and 9, respectively, will be rewritten as follows:
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where c is the coefficient corresponding to the percentage increase in B and is equal to 0 … 0.1.

Further, we substituted the average values of the indices from our simulation database (B/L = 0.75, w/L = 0.1, Dp/B = 0.713) into Eqns 12 and 13, taking also the conventional size of B = 4.2 cm, used solely for the sake of example in accordance with the breadth of a standard chicken egg (Romanoff & Romanoff, 1949), and varying the value of c within a 10% increase, i.e., in the range of 0 … 0.1 with a step of 0.01. As a result, the functional dependencies S/V = f(с) and EggGI = f(с), as well as, accordingly, their graphical relationship S/V = f(EggGI), were produced as shown in Fig. 5.

Thus, it can be concluded that the growth of the integral geometric index EggGI leads to a pronounced functional increase in the metabolic index S/V (Fig. 5C).
However, as with the studies on theoretically possible variations in EggGI, the actual relationship between S/V and EggGI values should be tested using measurements of the geometric parameters of actual eggs. For this purpose, we used data from many of our previous measurements, which formed the basis for a number of studies on avian eggs, both domestic and wild species. A more detailed description of the methodological approaches used and the measurement data will be provided in the next section.

3. Results and discussion: Practical application of EggGI
3.1 EggGI or EGI

Narushin et al. (2023c), studying the results of goose egg incubation, found that, to predict its success, it is advisable to use the product of two indices, B/L and Dp/B, raised to certain powers. The resultant parameter was called the Emergency Geometrical Index (EGI).
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The authors (Narushin et al., 2023c) concluded that, with a certain degree of certainty, it can be stated that goose eggs with high EGI values have every reason to show increased embryo mortality during their incubation.

We decided to revisit the obtained results in terms of the possibility to predict the mortality of goose embryos during incubation using EggGI. If we recall that, in a previous study (Narushin et al., 2023c), after separating unfertilized eggs, 11 were successfully incubated, while 17 goose embryos died at various stages of incubation. To carry out mathematical processing of the results using the Pearson correlation coefficient (R), all eggs with dead embryos were assigned a numerical index of '1', and those that successfully reached hatching, respectively, '2'. Thus, the results of calculating EGI (Eqn14) and EggGI (Eqn7) were compared with a numerical series consisting of 17 ones and 11 twos. The correlation coefficient between this series and the EGI values was –0.451 (p < 0.05), while, when compared with EggGI, R = 0.465 (p < 0.01). That is, unlike EGI, a higher EggGI value demonstrated a more optimistic prediction for the successful hatchability of goslings; herewith, the prediction itself had a higher probability of coming true.

Thus, the use of all three geometric indices in the form of an integral indicator turned out to be preferable, at least when incubating goose eggs, as a result of which EggGI can be safely recommended for carrying out such studies.

3.2 How big are the differences in EggGI among actual bird eggs?
Theoretical studies conducted to study the relationship between EggGI and the metabolic index have given every reason to assert that the correlation between these parameters is very close, despite the high variability of the values of both EggGI and the parameters included in it (B/L, w/L and Dp/B). We decided to check whether this fact is confirmed by analyzing the geometric features of actual eggs?

To verify this fact, we used a database of digitized images of bird eggs from the Natural History Museum of Wiesbaden, Wiesbaden, Germany (Wikimedia Commons, 2014) and the Muséum de Toulouse, Toulouse, France (Wikimedia Commons, 2019) that we mathematically processed and used in our previous studies (Narushin et al., 2024d, 2025b). Consequently, we have access to the geometric parameters of 444 eggs from 444 bird species, 89 families, and 30 orders, which correspond to roughly 4%, 36%, and 73% of the total biodiversity of species, families, and orders in the world. The contours of the used egg images were symmetrical, without obvious visual violations of the smoothness and harmony of the lines. The geometric parameters B, L, w and Dp of each egg image were measured in the MS Picture Manager program using the electronic ruler built into this program. There was no need to convert the units of measurement pixels into the metric system, since we were interested in the dimensionless ratios of these quantities, i.e., the indices B/L, w/L and Dp/B. The analysis of the relationships resulted from the theoretical studies (see Section 2.2) using the parameters of actual eggs confirmed their adequacy (Fig. 6).

Both dependences (Fig. 6), despite some scatter of parameters, demonstrated a significant relationship (at the level of p < 0.01) between k and EggGI with R = 0.673 (Fig. 6A) and between S/V and EggGI with R = 0.188 (Fig. 6B), which is completely consistent with theoretical data.

The variability assessment of EggGI and its constituent indices (B/L, w/L and Dp/B) also demonstrated a similar trend with the theoretically generated simulation database: 0.73 ± 7.2% (0.55 … 0.91) for B/L, 0.05 ± 53.1% (0 … 0.15) for w/L, 0.78 ± 5.5% (0.62 … 0.87) for Dp/B, and 0.275 ± 7.5% (0.21 … 0.35) for EggGI. That is, the highest variation in parameters was observed for the w/L index, with an order of magnitude greater than the variability of others. Similar results of variation in B/L and EggGI indicate their closest relationship at the level of R = 0.982 (p < 0.001). Similar variability of all indices was also observed in the distribution of eggs among orders.

In our previous study on quail eggs (Narushin et al., 2025c), we demonstrated that quails are extremely “meticulous” about the S/V ratio in the eggs they lay, trying to maintain it at some constant level. Obviously, this is specific not only in quails, but also in other species, given a theoretically (i.e., potentially) pronounced relationship between S/V and EggGI (Fig. 5C). That is, having the ability to provide some unique egg shape (e.g., Montgomerie et al., 2021), the mother bird achieves a relative constancy of the integral shape index (EggGI), which, in turn, ensures a relative stability of the S/V value. Therefore, it would be extremely interesting to trace any possible evolutionary peculiarity of EggGI. Are there any trends in its change along the evolutionary trajectories of avian clades?
3.3 EggGI and its possible evolution relevance issue
We decided to explore this possible issue within the framework of individual avian orders due to significant differences and features of their physiological, ecological and anatomical nature. For these purposes, the indicator of the time of emergence of a particular bird species was taken into account, information on which was accepted in accordance with the data derived from the TimeTree 5 web resource for species divergence times (Kumar et al., 2022). For the analysis, we selected the most representative samples, which included the following orders: Accipitriformes (28 species), Anseriformes (35 species), Charadriiformes (73 species), Galliformes (28 species), Gruiformes (11 species) and Passeriformes (152 species). Trend lines plotted depending on the “ancientry” of a species and EggGI for each of the orders are shown in Fig. 7. In this case, the y-axis has a reverse order of calculation for the convenience of perception of the time elapsed from the moment of the emergence of the species to the present.

The observed trend lines (Fig. 7) do not have any general tendency and demonstrate obvious differences in the considered orders: an elevation in EggGI (Accipitriformes, Charadriiformes, Galliformes), a decline (Anseriformes, Gruiformes), and its constant value throughout the entire time of species evolution (Passeriformes). The only thing worth noting is that significant dependencies were noted only for Accipitriformes and Charadriiformes that demonstrated a correlation at the level of –0.474 (p < 0.05) and –0.393 (p < 0.01), respectively.

Having statistically reliable information on the possible evolution of egg shape in a certain order of birds, it is possible to carry out a more thorough analysis of the causes and mechanisms of such changes. Work in this direction has been carried out repeatedly and at a very high level (Dyke & Kaiser, 2010; Stoddard et al., 2017, 2019; Birkhead et al., 2019; Montgomerie et al., 2021; Deeming, 2024). However, what is the advantage of EggGI we propose? This index allows one to evaluate eggs, the differences in shape of which are hard to assess visually. After all, birds of similar and related species often lay eggs of a similar shape, the nuances of which are extremely difficult to distinguish. In this regard, establishing a clear mathematical confirmation of such differences that also takes into account the contribution of each of these differences to the overall contours of the eggs will have an undeniable advantage both in research work and in the validity of the results produced.

3.4 How to train AI to classify eggs by their EggGI value
The novel integral index EggGI has a strong potential for possible future implementations in both egg-related and egg-inspired fields of research and practical use (Narushin et al., 2022c). The latter, for example, can be a pre-incubation egg sorting (e.g., Georgieva-Nikolova et al., 2020; Aboonajmi & Mostafaei, 2022), if a close relationship of EggGI with egg incubation properties is established. These applications cannot do without the help of AI, which has demonstrated amazing results in identifying objects of a certain geometric shape (Narushin et al., 2025a). For these purposes, AI should be pre-trained to recognize and separate eggs with specific parameter ratios. The complexity of this task is that the EggGI value is influenced by three indices (B/L, w/L and Dp/B). In this regard, eggs with different parameters and externally different from each other can have the same EggGI value. It is advisable to evaluate the ability to recognize such eggs not on the eggs themselves directly, but on images of their theoretically derived profiles. For this purpose, we decided to evaluate the visual similarities and differences of such egg shapes using the virtual egg database we generated. However, it should be taken into account that the theoretically created simulation database considers the geometric possibilities of the original equations (Eqns1 and 2). In nature, things are far from being so and not all generated egg profiles may conform to actual eggs. For instance, two eggs with index parameters B/L = 0.85, w/L = 0.02, Dp/B = 0.70 (Fig. 8A) or B/L = 0.8, w/L = 0.2, Dp/B = 0.75 (Fig. 8B) seem to have a right to exist; however, it is most likely impossible to encounter such things in reality. In this visualization example of egg contours, the value of L was only taken equal to 5.7 cm, i.e., similar to a standard chicken egg (Romanoff & Romanoff, 1949).

In this respect, when selecting egg parameters for DL of AI, it is necessary, first of all, to evaluate their compliance with actual eggs. Given this condition, as an example, we selected three egg variants, the EggGI value of which was 0.302, 0.293 and 0.270. Hereby, we limited ourselves to three contours for each EggGI value. The respective visualization of egg profiles and index data are presented in Fig. 9.

As can be seen from Fig. 9, egg profiles with the same EggGI value can differ significantly from the point of view of human visual perception. In this regard, the use of AI technology in recognizing certain categories of images can be the only efficient method for the practical use of egg sorting methods according to the geometric nuances of their egg shape. To train the AI, as many objects as possible will be required. In this regard, the theoretical generation of virtual egg profiles with the same EggGI values can be an effective technique for implementing the DL process.

The primary goal of our study was to develop a methodological approach to creating an integral index, the value of which could be used as a criterion for the relationship with a number of biological, physiological, evolutionary, chemical, environmental and, possibly, even marketing processes associated with both domestic and wild bird eggs. In this regard, the seemingly limited results of the experiments we presented here, in comparison with the extensive list of possible studies using EggGI, in no way indicates any limitations in its practical application. However, it only encourages its broad and comprehensive testing in all kinds of, sometimes even unexpected, areas of oological studies.
4. Conclusions

Geometric indices of avian eggs are numerical parameters that describe their shape, size and proportions. In this respect, the development of a universal mathematical indicator characterizing the profile of a certain egg can be very useful in various research and practical aspects. These include the possibility of classifying and identifying species; assessing their adaptation to the environment and geographical location; conducting physiological, ecological and evolutionary studies; searching for a relationship with egg incubation and/or nutritional properties based on the possible correlation of EggGI with the physicochemical parameters of the contents and shell; ease of egg processing, transportation and storage; assessing the health of populations or other economically important characteristics. Here, we derived an integral index EggGI that incorporates the values of three main geometric indices of the egg: the shape index B/L), the displacement (or the asymmetry) index (w/L), and the conicity index (Dp/B). EggGI can serve as an important tool in ornithology, ecology, evolutionary biology and the poultry industry. The methodological approaches described in the considered examples of EggGI use can be taken as a basis both when performing similar studies and in the case of AI deep learning for the purpose of recognizing images of eggs united by the criterion of geometric similarity.
Herein, we thus propose a new technological approach for the external description of eggs using a new integral shape index. This can become the foundation for recognizing images of eggs of a certain (desired) shape using AI-assisted innovations in technological production chains in the poultry industry. The use of this index can also provide a methodological basis for conducting more in-depth studies on the physiology of embryonic development and evolutionary features of the shape of bird eggs. It is also recommended to investigate the relationship between EggGI and the chemical properties of the internal structures of the egg with a detailed determination of the composition of nutrients, using modern evaluation methods and chromatographic techniques, which will allow a final conclusion to be made about the relationship between the shape and content of the bird's egg.
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