
A Category-theoretic Interpretation of the1

Homology Concept in Biology2

Daichi G. Suzuki1,2* and Hayato Saigo3,43

1*Institute of Life and Environmental Sciences, University of Tsukuba,4

Tannodai 1-1-1, Tsukuba, 305-8572, Ibaraki, Japan.5

2Center for Human Nature, Artificial Intelligence, and Neuroscience6

(CHAIN), Hokkaido University, Kita 12, Nishi 7, Kita-ku, Sapporo,7

060-0812, Hokkaido, Japan.8

3Department of Bioscience, Nagahama Institute of Bio-Science and9

Technology, Tamura-machi 1266, Nagahama, 526-0829, Shiga, Japan.10

4Department of Social Informatics, ZEN University, Shinjuku 3-12-11,11

Zushi, 249-0007, Kanagawa, Japan.12

*Corresponding author(s). E-mail(s): suzuki.daichi.gp@u.tsukuba.ac.jp;13

Contributing authors: h saigoh@nagahama-i-bio.ac.jp;14

Abstract15

Homology is a fundamental but controversial concept in biology, referring to16

the sameness of biological characters across organisms. Despite its crucial role,17

its ontological nature has been a subject of intense debate, with a dichotomy18

between individualist and natural kind views. This study proposes a category-19

theoretic framework to reconcile these views by emphasizing the processual nature20

of homology. We first review major philosophical views of homology with their21

respective advantages and disadvantages. Next, we highlight the dynamic and22

evolving nature of homologs through two thought experiments. Through math-23

ematical formulation, we then show that the individualist and natural kind24

views represent ordered set- and groupoid-like aspects, derived from a primary25

category-theoretical model based on a process-first dynamic view of homology.26

Our model covers a wide range of phenomena linked with homology, such as27

atavism, deep homology, and developmental system drift (DSD). Furthermore, it28

provides a unified perspective on the ontological nature of homology, overcoming29

the longstanding dichotomy between individuals and kinds in Western philosophy.30

Keywords: homology, category theory, ontology, individual, natural kind31
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1 Introduction32

Homology is a key concept in biology (Suzuki 2021; Wagner 2016). It refers to a special33

sense of the sameness of biological characters, but there has been an intense debate on34

what exactly this “sameness” means, involving both scientists and philosophers (Assis35

and Brigandt 2009; Brigandt 2009; Darwin 1859; de Beer 1971; Ereshefsky 2009; Hall36

1994, 1999; Lankester 1870; Müller 2003; Owen 1849; Spemann 1915; Wagner 1989).37

Behind this conflict, there is a fundamental ontological dichotomy between indi-38

viduals (or particulars) and kinds (or classes, universals), which has long been granted39

in Western philosophy. For example, Aristotle divided actual things (pragmata) into40

particulars and universals in “De interpretatione” (Aristotle 1966, p. 47, 17a38–39).41

In the age of scholastic philosophy, the well-known “universals debate” took place42

(Klima 2000/2022). Even among analytical philosophers, the problem of natural kinds43

has been intensely discussed (Kripke 1980; Putnam 1975; Quine 1969).44

Also in the philosophy of biology, the dichotomy between individuals and kinds45

appears as several conceptual issues. In particular, the ontological nature of biological46

species has been actively discussed. Some have proposed that a species is an individual47

as a historical entity (Ereshefsky 2002/2022; Ghiselin 1997), while others prefer to48

regard it as a sort of natural kind (Boyd 1999; Brigandt 2009; Griffiths 1999).49

Compared to this species problem, a unique point in homology is the lack of clearly50

defined units. A species typically consists of distinct biological individuals or organisms51

as its units or members. Here, the boundaries of these units are clearly defined. In52

contrast, the units of homology (i.e., homologs) are body parts of biological individuals.53

In this case, the boundary of a homologous unit (i.e., which and how many portions54

of the body should be included in a homolog?) is not defined a priori. In philosophical55

terms, the problem of individuation is involved here. Because of this undefinedness,56

the ontological status of homologs is more uncertain and puzzling than that of species.57

In this paper, we propose a novel perspective that the equivocal nature of homology58

can be understood by the category-theoretic formulation of a process-oriented view of59

homology, which can derive both the individualist and natural kind views as its spe-60

cific cases. To demonstrate this, we first review major philosophical views of homology,61

pointing out their respective advantage(s) and disadvantage(s): the essentialist, indi-62

vidualist, and neo-essentialist homeostatic property cluster (HPC) natural kind views63

(Section 2). Next, we introduce two thought experiments to highlight the weakness64

of a major view that regards homologs as a HPC natural kind (Section 3). Still, we65

admit that homologs indeed show certain features as HPC natural kinds, along with66

the features as parts of an ontological individual. To explain this, we then mathemat-67

ically interpret the individualist and HPC kind views, characterizing them as special68

cases of ordered-sets and groupoids, respectively (Section 4). With this mathematical69

formulation, we emphasize that both mathematical models of the individualist and70

HPC kind views are deduced from the category theory. This finding leads us to seek71

alternative views of homology. In Section 5, we review such alternative views that are72

newly proposed in highlighting processual and dynamical aspects of homology. In par-73

ticular, we find that the view proposed by Suzuki and Tanaka (2017) shows strong74

affinity to the arrow-based category theory because it is more process-oriented. In this75

regard, we subsequently propose a mathematical formulation of these process-oriented76
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homology views in terms of the category theory (Section 6). Finally, we discuss biolog-77

ical and philosophical implications of our model, suggesting that our analysis opens a78

new horizon of process-first ontology, going beyond the dichotomy between individuals79

and kinds.80

2 Different philosophical views of homology81

In this section, we critically review major philosophical views of homology (i.e., the82

essentialist, individualist, and neo-essentialist HPC natural kind views) as summarized83

in Table 1.84

Table 1 Different philosophical views of homology.

Argument Major advantage(s) Major disadvantage(s)

Essentialist view
(pre-Darwinian)

Homologs share an
archetype or an
essential nature.

... fits the traditional
portrayal of scientific
inquiry.

... fails to capture the
evolving nature of
biological entities.

Individualist view
(Darwinistic)

Homologs are parts of
an ontological
individual.

... captures the
dynamic and historical
aspect of homologs as
evolutionary
phenomena.

... fails to capture
serial homology; has
no room for inductive
generalization.

HPC natural kind
view (evo-devo-
associated)

Homologs share a
homeostatic property
cluster and its basal
mechanisms as a
natural kind.

... enables inductive
generalization.

...focuses too much on
homeostaticity,
possibly leading to an
oversight of the
evolving aspect of
homology.

2.1 Essentialist view85

In history, Richard Owen was the first to define the homology concept in a more or less86

modern way. According to him, a homologous organ is “the same organ in different87

animals under every variety of form and function” (Owen 1843, p. 379). Here, the88

concept of homology was contrasted with that of analogy, the sameness of function;89

an analogous organ is “a part or organ in one animal which has the same function as90

another part or organ in a different animal” (Owen 1843, p. 374). Despite the difference91

in form and function, homologs are the same because they share the “essential nature”92

of animal body parts (Owen 1849, p. 70). Here, an essential nature specifically means93

an archetype, the predetermined pattern that provides a basis for modifications in94

each organism (Owen 1849, p. 2). This is a typical conception of the essentialist view95

of homology.96

This essentialist view matches the traditional portrayal of scientific inquiry (Locke97

1689/1690, Book III; Kornblith 1993, Chap. 2). Scientists first categorize scientific98

entities or phenomena into a natural kind. Then, they list invariant, intrinsic prop-99

erties that the natural kind entails. These “defining” properties comprise necessary100

and sufficient conditions, which participate in the laws of nature. Finally, scientists101
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reveal the “essence” of the natural kind that explains the properties mentioned above.102

Through such a process, scientists successfully make explanations and predictions of103

the natural world.104

Such a portrayal has a strong affinity to the practice in physics and chemistry. For105

example, gold can be distinguished from other kinds of metals in many aspects, includ-106

ing physical (e.g., the density, melting point, thermal conductivity, and malleability)107

and chemical (e.g., chemical corrosion resistance). Scientists have shown that the prop-108

erties of gold can be explained by its microstructural essence—the chemical element109

Au (more specifically, its nuclide, electron configuration, crystal structure, etc.). Actu-110

ally, biological species were taken to be the best examples of natural kinds before the111

findings of chemical elements, because they had long been regarded as invariant (Bird112

and Tobin 2008/2024).113

2.2 Individualist view114

However, biological entities do not fit such an essentialist attitude because of their115

evolving nature. The idea of invariant biological species was challenged by the trans-116

mutation theories, especially that of Charles Darwin (Darwin 1859). In Darwinian117

evolutionary theory, species are historical entities that transform and ramify through118

time. Their genetic structures diverge as well. Therefore, there is no invariant, intrin-119

sic property, or essence of a species. In this way, essentialism failed, and the “death of120

essentialism” was pronounced (Ereshefsky 2002/2022).121

Along the same lines, the Darwinian zoologist Edwin Ray Lankester criticized the122

essentialist view of homology, redefining the concept of homology (or homogeny in his123

own words). According to him, homologous (or homogeneous) structures are “genet-124

ically related, in so far as they have a single representative in a common ancestor”125

(Lankester 1870, p. 36). In other words, homologs are defined by historical continuity126

of descent from a common ancestor (Wagner 1989, p. 51). This “historical homol-127

ogy concept” was widely accepted among evolutionary biologists (Wagner 1989, pp.128

53–54).129

In the philosophical context, Michael Ghiselin discussed the ontological status of130

species and put forward the individualist view (Ghiselin 1997). He argued that species131

are not natural kinds but ontological individuals. Based on this assumption, he also132

suggested that “homologies are relations of correspondence between parts of wholes133

[individual organisms] which are in turn parts of larger wholes [evolutionary lineages,134

e.g., species].” (Ghiselin 1997, p. 205). Here, ontological individuals are characterized135

as they (1) are concrete rather than abstract, (2) engage in process, (3) have no defining136

properties (i.e., essential properties), (4) have no instances, (5) are spatiotemporally137

restricted, and (6) do not function in laws (Ghiselin 1997, 2005).138

This conception of homology is highlighted in comparison with that of analogy.139

According to Ghiselin (Ghiselin 1997, p. 208), analogy is also a relation of correspon-140

dence between parts of wholes. However, those wholes are not parts of some larger141

individual but instead are members of a class since analogical characters are not spa-142

tiotemporally restricted (Ghiselin 1997, p. 208). Thus for individualists, to put it143

simply, “homologues are parts of an individual [e.g., a species] rather than members144

of a kind” (Ereshefsky 2009, p. 228).145
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Nevertheless, this seemingly clean-cut characterization of homologs as parts of an146

ontological individual becomes somewhat ambiguous when Ghiselin (1997, 2005) dis-147

cusses iterative homology, more commonly known as serial homology—homological148

parts within an organism, for example, left and right eyes/hands/feet of humans149

(“antimeres”) and paired appendages (antennae, maxillipeds, pereiopods, and150

pleopods) of arthropods (“metameres”). He clearly distinguishes iterative homology151

from inter-organismal homology (“evolutionary homology” in his term) and suggested152

as follows (Ghiselin 1997, p. 213):153

If by an explanation we mean relating something to its underlying causal basis, this makes154

a certain amount of sense for iterative homologues for which the correspondence is between155

parts that share a common developmental mechanism as well as a history of interconnect-156

edness. On the other hand, since the existence of a common ancestor is a defining property157

of evolutionary homology, there is obviously something wrong with such a claim.158

Given that iterative homology is the relation of correspondence between parts159

of a biological individual and that evolutionary homology is the relation of corre-160

spondence between parts of an ontologically larger individual, Ghiselin’s argument161

sounds strange. One may go back to the original individualist definition of homol-162

ogy and respond that evolutionary homologs have “historical continuity” but iterative163

homologs do not. However, as Wagner (1989, pp. 55–57) pointed out, homologs them-164

selves in fact lack continuity. Homologous characters, as being phenotypic parts of165

organisms, are newly generated in each generation. From this point of view, Ghiselin’s166

conception is more careful and sophisticated, but it somewhat obscures the difference167

between evolutionary and iterative homology.168

There is another and more serious issue in Ghiselin’s conception of homology; what169

exactly is the “relation of correspondence” after all? Even if homologs themselves170

are parts of a spatiotemporally restricted individual, their relation of correspondence171

itself cannot be an individual. In other words, a biological species is an individual as172

a branch of the tree of life, while homologs are correspondence between parts of the173

branches (i.e., between species) or sub-branches (i.e., between biological individuals174

within a species). In fact, Ghiselin (1997, p. 28) regards relation as a property in terms175

of ontological categories. This means that homology itself is a (contingent) property176

of an ontological individual.1177

However, if this is the case, then how can we recognize the homology (i.e., cor-178

respondence) of different parts? To put it another way, how can we find a part179

homologous to this other part but not to that one? In the case of analogy, the rationale180

that the parts of biological individuals are analogous is based on the class to which the181

individual belongs; this class is articulated by the very fact that the analogous parts182

of its members perform the same function. Therefore, the analogical relation of corre-183

spondence is not a contingent but definitive property of the class. In contrast, there184

is no such rationale for homology because the homological relation of correspondence185

1In mathematical terms, such a relation of correspondence can be regarded as a groupoid, which can be
considered to be a “class” in ontology. Thus, Ghiselin’s argument ends up with a notion that homology
is a sort of a class. In section 6, we argue that homology can be mathematically formulated in terms
of category theory, successfully covering both the tree-like (i.e., individual-like) historical aspect and the
abovementioned class-like groupoid aspect.
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is just a contingent property or proposition of an ontological individual.2 As Ghiselin186

(2005, p. 95) wrote:187

The uniformities that we call laws of nature are formulated as true of classes, and make no188

reference to any particular individual. Consequently such generalizations of systematics as189

“all mammals have hair” are purely historical, or contingent, propositions. [...] Homology190

statements are strictly historical propositions. They are not laws of nature and they lack191

the necessity that characterizes laws of nature.192

As a related issue, lacking the possibility of inductive generalization is also a dis-193

advantage of the individualist view of homology. According to (Ghiselin 2005, p. 95),194

homology is merely a result of historical contingency. Thus, neither any generaliza-195

tion nor prediction is possible. However, these arguments do not well fit with scientific196

practices involving the homology concept. Evolutionary biologists often use typologi-197

cal representations to generalize homologous characters (Suzuki 2021). Furthermore,198

they may predict (or at least imagine) what properties (e.g., internal structure) can199

be found in a homological character of unknown past or even future species, which is200

phylogenetically related to known ones, based on such generalization. Of course, this201

generalization cannot be a natural “law.” In other words, it is not always true. How-202

ever, such a “relatively weak” generalization in fact has a role in biology (Parke and203

Plutynski 2020).204

2.3 Neo-essentialist HPC kind view205

In response to the criticism from the individualists, the proponents of the natural206

kind view adjusted their theory in several ways. Some promote historical or relational207

essentialism, which treats relational properties (such as genealogy and interbreeding),208

instead of intrinsic properties, as the essence of a species (de Queiroz 1995; Griffiths209

1999; LaPorte 2003; Okasha 2002). However, this position has received considerable210

criticism. For example, Ereshefsky (2010, p. 683) pointed out that relations such as211

genealogy and interbreeding do not fulfill the explanatory role, which is a core aim212

of essentialism, failing to explain the traits typically found among the members of a213

species.214

Another growing part of neo-essentialism is the HPC kind view (Boyd 1999; Brig-215

andt 2009; Griffiths 1999), which moderates the essentialist dogma to encompass216

biological entities (Table 2). First, classical essentialism holds that a natural kind has217

a set of invariant and intrinsic properties. In the HPC kind view, on the other hand, a218

natural kind forms a cluster, rather than a complete set, of often co-occurring proper-219

ties that can be variable and extrinsic to some extent. Next, a natural kind in classical220

essentialism has an explanatory role in the laws of nature. However, variable proper-221

ties in the HCP kind view can no longer contribute to such laws, which do not allow222

any exceptions. In spite of failing to fulfill such a strict requirement, an HPC natu-223

ral kind is still helpful to make inductive generalizations that allow some exceptions.224

Last, classical essentialism presumes that the properties of a natural kind stem from225

2The obscurity of iterative and evolutionary homology pops up again here. After all, both are correspon-
dence between parts of an individual, either biological or historical. Considering that a historical relationship
is also a kind of causal relationships, it seems that there is just a difference in the levels of the organization.
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its intrinsic and microstructural essence. Instead, the HCP kind view assumes home-226

ostatic mechanisms, which bring about the co-occurrence of properties and can be227

extrinsic and/or macrostructural.228

Table 2 Classical essentialist and HPC kind neo-essentialist views of natural kinds.

Classical essentialism HPC kind neo-essentialism

A natural kind has... a set of invariant and
intrinsic properties.

a cluster of homeostatic
properties.

A natural kind plays an
explanatory role in...

the laws of nature. inductive generalizations.

The properties of a natural
kind stem from its...

(intrinsic, microstrutual)
essence.

basal homeostatic
mechanisms.

Some proponents of the HPC kind view argue that their account is metaphysi-229

cally compatible with that of the individualists, while emphasizing an epistemological230

advantage of their view in terms of its explanatory role (Assis and Brigandt 2009;231

Brigandt 2009). In fact, the homology concept is usefully employed to explain the232

structural or developmental features shared among the members of the homologs. In233

this respect, the homology concept can be categorized into a broader concept of the234

developmental types (e.g., cell types). Although typology has been criticized for its235

essentialist nature, a non-essentialist form of typology (i.e., representational typology)236

has a certain explanatory role in biology (Love 2008; Suzuki 2021).237

However, even if the epistemological advantage of the HPC kind view is granted,238

it is not negligible that we also commit to its ontological aspect when we adopt that239

viewpoint. Thus, we need to carefully examine its ontological entailments.240

On this point, the predilection for homeostaticity appears to be one of the central241

issues. Namely, the HPC kind view may focus too heavily on the static aspect of natural242

phenomena, which results in ignoring their dynamic aspect. Although this attitude is243

indeed useful for inductive generalization, it is crucially unsuitable for evolutionary244

entities because they are dynamic in nature (refer to the discussion using two thought245

experiments in the next section).246

Another issue is the nature of the homeostatic mechanisms, which is the very basis247

for the explanatory power of natural kinds. Boyd (1999, p. 129, 141–142) assumed that248

membership of properties in a natural kind is determined by homeostatic mechanisms249

or causal structure of the world, independent of our conventions or our theorizing.250

However, the exact meaning of mechanisms of causal structure here is obscure. In251

fact, Craver (2009) analyzed the HPC theory in light of the philosophy of mechanism252

and argued that the HPC view is not free from our epistemic interest when we judge253

whether two mechanisms are the same or different (i.e. when we carve out natural254

kinds).255

To refine the HPC theory, some authors have tried to replace homeostatic mech-256

anisms with other concepts. For example, Khalidi (2018) proposed natural kinds as257

nodes in causal networks. In this view, co-occurrence of properties is not assumed to258

rely on any homeostatic mechanisms. Instead, natural kinds are regarded as clusters259
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of core causal properties, which give rise to clusters of derivative properties as non-260

natural kinds. Nevertheless, Onishi and Serpico (2021) indicated that this view fails261

to overcome Craver’s (2009) challenges, just as the original HPC theory does.262

On the other hand, Slater (2015) abandoned any mechanistic or causal notions for263

natural kinds and put forward the stable property cluster (SPC) account. However,264

as Onishi and Serpico (2021) pointed out, the SPC theory fails to account for some265

inductive inference in science, which is an important epistemic and practical aspect of266

natural kinds.267

In addition to interest-relativity, another related issue appears to be involved in268

the HPC theory and its variations: the notions of determination and causation are269

mixed up. For example, Boyd (1991, p. 141) wrote, “kinds such that the unity of270

the property-cluster which defines them is causal rather than conceptual” and “[t]he271

natural definition of one of these homeostatic property cluster kinds is determined by272

the members of a cluster of often co-occurring properties and by the (“homeostatic”)273

mechanisms that bring about their co-occurrence” (italics original). Khalidi (2018, p.274

1389) presented a similar view, saying; “it is usually specific stable combinations of275

some set of (determinate) properties that have a rich set of effects, giving rise causally276

to the instantiation of a multitude of other properties.” These authors assume that277

a natural kind is determined by a cluster of properties, which are causally intercon-278

nected with their basal mechanisms and/or other associated properties. They seem to279

presuppose the linkage of determination and causation here.280

As Kment (2010) pointed out, David Hume introduced two important ideas about281

causation. One is the determination idea (“causes determine that their effect obtains”)282

and the other is the difference-making idea (“a cause makes a difference to whether283

its effect obtains: without it, the effect would not have obtained”). As many readers of284

Hume have remarked, contrary to what Hume suggests, these ideas are quite different.285

In Kment’s (2010, p. 82) words:286

To say that the causes together nomically determine their effects is to say that, given the287

laws, the causes are jointly sufficient for the effect. By contrast, to say that the effect would288

not have obtained if any of causes had not obtained is to say that causes are individually289

necessary in the circumstances for the effect.290

As we have discussed above, natural kinds and laws of nature were tightly coupled291

in classical essentialism. Despite that the HPC theory and its variations weaken this292

assumption and instead appeal to inductive generalization, they still stick to the notion293

of determination, which presupposes certain laws. In fact, Onishi and Serpico (2021,294

p. 65) pointed out that three indeterminacies are involved in the HPC theory and its295

variations as follows:296

• The Boundary Problem: Indeterminacy regarding factors that should be included297

among the components of kind-defining mechanisms;298

• The Degree of Abstraction Problem: Indeterminacy regarding the degree of abstrac-299

tion at which kind-defining mechanisms are characterized, from very detailed to300

very schematic; and301
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• The No One-to-one Problem: Indeterminacy regarding a kind-defining mecha-302

nism that arises from non-linear causal pathways between etiological mechanisms,303

constitutive mechanisms, and property clusters.304

Therefore, the HPC theory and its variations cannot maintain determinacy. Kment305

(2010) argues that what justifies us in using patterns of difference-making to test306

causal claims is the determination idea. We think determination is too much for this307

justification. Especially in biology, it is often stressed that there is no universal law308

(Beatty 1997; Parke and Plutynski 2020). Therefore, causation in biology does not309

imply determination in a strict sense (i.e., the causes may not be nomically sufficient310

for the effect). Still, biologists successfully use causal claims in their research. Biological311

processes in general, and evolutionary processes in particular, are surely causal but312

not deterministic because they are inherently stochastic.313

Also in the case of homology, homologs are often based on surprisingly different314

mechanisms. One example is developmental system drift (DSD), where homologous315

characters are generated through non-homologous developmental processes (Haag and316

True 2021; McColgan and DiFrisco 2024; True and Haag 2001). For instance, the317

developmental mechanisms for somitogenesis are highly variable in both vertebrates318

and arthropods (DiFrisco and Jaeger 2019; Peel and Akam 2005). Another example319

is that homologous parts can often be regenerated through different mechanisms from320

that found in development (Aztekin 2024). Finally, it is known that a phenotype orig-321

inally produced in response to environmental cues can later be genetically fixed to322

appear. This process was first described by Waddington (1953) as genetic assimila-323

tion. These phenomena indicate that homologs are not determined by their generative324

mechanisms in a strict sense.325

2.4 Summary326

As we have seen above, there are now two major views on the ontological status327

of homology—namely, the individualist and HPC kind views—each with distinct328

advantages and disadvantages.329

The individualist view argues that “homologies are relations of correspondence330

between parts of wholes [individual organisms] which are in turn parts of larger wholes331

[evolutionary lineages, e.g., species]” (Ghiselin 1997, p. 205). It successfully captures332

the dynamic and historical aspect of homology as an evolutionary phenomenon. How-333

ever, it struggles to account for the notion of serial or iterative homology well. A more334

serious issue in the individualist view, or at least in Ghiselin’s version, is the ontolog-335

ical status of the “correspondence.” Furthermore, this view does not allow inductive336

generalization of homologs because the properties of an individual and its parts are337

merely contingent by definition.338

In contrast, the HPC kind view has the epistemological advantage of enabling339

inductive generalization, while it involves some serious ontological issues. In our view,340

it makes unnecessarily strong ontological commitment to homeostaticity and deter-341

mination, which seems to be inherited from classical essentialism. In particular, an342

excessive focus on homeostaticity may result in overlooking the evolving aspect of343

homology. To emphasize this point, we present two thought experiments in the next344

section.345
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3 Two (too?) simple thought experiments346

Homologs in particular—and biological entities in general—are participants in347

dynamic processes. Therefore, the features of homologs can be changed drasti-348

cally through time. The following two experiments illustrate this dynamic aspect of349

homologs.350

3.1 Decrease of shared properties351

Let us think about a branching lineage of homologs (Fig. 1). At first, an ancestral352

homolog A possesses certain properties: a, b, and c. Its descendants inherit these353

properties with modification and deletion as well as the acquisition of new properties.354

For example, the descendant homolog B retains ancestral properties a and b, but c355

is modified into c′. Moreover, a further descendant C loses b and its descendant D356

newly acquires d. In a similar way, each lineage of descendants experiences specific357

changes during the evolutionary process. As a result, it is possible that the most recent358

descendants D, F , and H have only a as a shared ancestral property.359

Fig. 1 Schematic diagram of homologs with decreasing properties. Round gray squares represent
homologs, and characters (a, b, c, ...) denote homologs’ properties. The primes (′) indicate evolution-
ary modification of the properties.

This thought experiment demonstrates that the number of shared properties360

decreases as we compare more distantly related descendants. Then, as the HPC kind361

view focuses on such shared or homeostatic properties to recognize a natural kind, the362

“natural kindness” becomes weaker and weaker as homologous characters evolve—363

even though they are indeed homologous in a genealogical sense. Here, this example364

calls attention to the discrepancy between weakening natural kindness in the HPC365

view and actual consistent generation of homologs.366
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3.2 Gradual but complete replacement of properties367

The following case demonstrates the difficulty of the HPC kind view more clearly.368

Here, an anagenetic evolution of a lineage of homologs is considered (Fig. 2). At first,369

an ancestral homolog A has certain properties: a, b, and c. Then, a descendant of A370

(labeled as B) inherits two of the ancestral properties, b and c, and acquires a new371

property d, followed by the descendant C with inherited c and d and novel e. Finally,372

the descendant D succeeds d and e from C, and newly obtains f . In this sequence,373

the properties of the homologs are gradually but completely replaced, such that the374

ancestral A with a, b, and c, shares no properties with the descendant D with d, e,375

and f .376

Fig. 2 Schematic diagram of homologs with properties that are gradually but completely replaced.
For the explanation of items and characters, see the legend of Fig. 1.

As all properties are replaced completely, there is no homeostatically conserved377

property, despite the continuous generation of the homologs. The HPC view thus378

appears to be inapplicable.379

Some may insist that homology does not hold in this case. Of course, this is an380

idealized and extreme toy model, but similar cases are indeed found in nature. The381

abovementioned DSD is a good example; in a DSD, the developmental mechanisms382

under homologs are drastically substituted. Another example is genetic assimilation,383

where the same (i.e., homologous) characters are produced initially via epigenetic, and384

later genetic, mechanisms. Therefore, the present toy model is not just an armchair385

speculation, and homology does hold here.386

Other HPC advocates may instead argue that there should be other homeostatic387

properties because the homologs are certainly generated. Still, the aforementioned388

examples of DSD and genetic assimilation indicate dynamic changes in generative389

mechanisms for these homologs, undermining the existence of “basal” mechanisms in390

the HPC view in such cases. Thus, the present toy model again shows the discrepancy391

between weak natural kindness in the HPC view and the actual consistent generation392

of homologs.393

3.3 Conceptual implications from these thought experiments394

The two thought experiments proposed here illustrate the dynamically evolving nature395

of homology, where the properties and their generative mechanisms of homologs can396

change drastically, highlighting the disadvantage of the HPC view even if it has some397

epistemological advantage.398

An important point here is that we do not intend to negate and abandon the399

HPC view but to show its negative tendency to overlook and truncate these dynamic400
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changes to abstract (quasi-)static snapshots. We instead seek an alternative way to401

embrace the processual aspect of homology (e.g., genealogical continuity of homologs)402

in the following part of the present paper.403

Still, homological characters indeed show certain natural kind(-like) features, and404

scientists successfully explain and predict lineage-specific biological phenomena based405

on homology. How could this be possible? To explain this, it is useful to conceptualize406

the individualist and HPC kind views in terms of mathematics as discussed below.407

4 Mathematical interpretation of the individualist408

and HPC kind views409

From a mathematical perspective, the two current views of homology (i.e., the indi-410

vidualist and HPC kind views) appear to highlight ordered set-like and groupoid-like411

aspects of homology, respectively. This mathematical interpretation helps us extract412

formal frameworks of the two views, leading to an alternative way to formulate homol-413

ogy using the mathematical notion of category. For this purpose, we first introduce414

some basic mathematical definitions regarding category theory.415

4.1 Definition of category, preorder, and groupoid416

In mathematics, a category is defined as a mathematical system composed of entities417

called objects and arrows (or morphisms) satisfying the following four conditions.3418

Condition 1 (arrow, domain, and codomain). For any arrow f , there exists an object419

called dom(f) and another object called cod(f), which are called the domain of f and420

the codomain of f , respectively.421

When dom(f) = X and cod(f) = Y , we denote it as422

f : X −→ Y (1)
or423

f : X
f−→ Y (2)

Arrows are also denoted in any direction, not only from left to right, as above.424

Condition 2 (composition). For any pair of morphism f , g satisfying dom(g) =425

cod(f),426

Z
g←− Y

f←− X (3)

there exists an arrow g ◦ f427

Z
g◦f←−− X (4)

3The description in this subsection is adapted to a large extent from Saigo (2021).
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called the composition of f , g.428

For the composition of arrows, we assume the following conditions:429

Condition 3 (associative law). For any triple f , g, h of arrows satisfying dom(h) =430

cod(g) and dom(g) = cod(f),431

(h ◦ g) ◦ f = h ◦ (g ◦ f) (5)

holds.432

Condition 4 (identity law). For any object X, there exists an arrow called identity433

arrow 1X : X −→ X. For any arrow f : X −→ Y434

f ◦ 1X = f = 1Y ◦ f (6)

holds.435

By the correspondence from objects to their identity arrows, objects can be considered436

as special kinds of arrows by identifying each object X with its identity arrow 1X .437

In sum, the definition of a category is as follows.438

Definition 1 (category). A category is a system composed of two kinds of entities439

called objects and arrows, equipped with domain/codomain, composition, and identity,440

satisfying the associative law and the identity law.441

In a category, we can define the “operational” sameness between objects via the notion442

of invertible arrows (isomorphism).443

Definition 2 (invertible arrow, i.e., isomorphism). Let C be a category. An arrow444

f : X −→ Y in C is said to be invertible in C if there exists some arrow g : Y −→ X445

such that446

g ◦ f = 1X , f ◦ g = 1Y (7)

An invertible arrow in C is also called an isomorphism in C.447

There are many categories whose collection of arrows is too large to be a set. In the448

present paper, we focus on small categories:449

Definition 3 (small category). A category C is called small if the collection of arrows450

is a set.451

The groupoid and preorder are special cases of small categories.452
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Definition 4 (groupoid). A small category is said to be a groupoid if all arrows are453

invertible.454

For example, a set of shapes and homeomorphisms (invertible continuous maps)455

between them form a groupoid (Fig. 3A). A coffee mug and a donut are homeomor-456

phic and mutually deformable (i.e., this deformation is invertible). Therefore, these457

two shapes are objects of a groupoid. In the same vein, a ball, a bowl, and a cube and458

homeomorphisms between them collectively form another groupoid.459

Fig. 3 Schematic representation of groupoid, order, equivalence relation, and meet-semilattice. (A)
Homeomorphic shapes in topology as an example of groupoids. A coffee mug, a donut and homeo-
morphisms between them form a groupoid, while a ball, a bowl and homeomophisms between them
form another groupoid. (B) An example of ordered sets. (C) Equivalence relation. (D) An example
of ordered sets that are not meet-semilattice. (E) An example of meet-semilattice.

Definition 5 (preorder). A pair (P,⇝) of a set P and a relation ⇝ on P satisfying460

p⇝ p (8)

for any p ∈ P (reflexivity) and461

p⇝ q and q ⇝ r ⇒ p⇝ r (9)

for any p, q, r ∈ P (transitivity) is called a preordered set. The relation ⇝ on P is462

called a preorder on P . The preordered set (P,⇝) can be viewed as a category whose463
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objects are elements of P when we define the relation p⇝ q between p, q as the unique464

arrow from p to q. Conversely, we can define a preordered set as a small category such465

that for any pair of objects p, q there exists at most one arrow from p to q.466

Note that order and equivalence relation are obtained from preorder by adding467

antisymmetricity and symmetricity, respectively.468

Definition 6 (order). A preordered set satisfying469

p⇝ q and q ⇝ p⇒ p = q (10)

for any p and q (antisymmetricity) is called an ordered set.470

In other words, the entities in an ordered set have predecessor-successor or equal471

relations (a schematic image of ordered sets is shown as Fig. 3B). An example of order472

is the inclusion relation (⊆) of subsets. If A is a subset of B, which is in turn a subset473

of C, then A is a subset of C (transitivity). If A is a subset of B and B is a subset of474

A at the same time, then A is equal to B (antisymmetricity).475

Definition 7 (equivalence relation). A preordered set satisfying476

p⇝ q ⇒ q ⇝ p (11)

for any p and q (symmetricity) is called an equivalence relation.477

An example of equivalence relation is geometric congruence and similarity. If a figure478

A is congruent (or similar) to B, then B is congruent (or similar) to A as well.479

This equivalence relation can also be regarded as a special case of groupoid480

because p and q are in invertible relationships (Fig. 3C). In other words, groupoid is481

a generalized notion of equivalence relation.482

In the following subsections, we propose that the individualist and HPC natural483

kind views of biological homology are mathematically interpreted as highlighting its484

ordered set-like and groupoid-like aspects. Based on the fact that both ordered set and485

groupoid are special cases of category, we further discuss that these two views can be486

generalized in terms of category theory.487

4.2 Ordered sets and the individualist view488

The individualist view highlights the historical continuity of homologs as evolution-489

ary entities, meaning that homologs form a sequence, which sometimes bifurcates as490

a tree. The semilattice, a special case of ordered sets, is useful for mathematically491

describing such tree structures. Although there are two types of semilattices, join- and492

meet-semilattices, here we introduce only the latter one because of its affinity to the493

evolutionary tree.494
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Definition 8 (meet-semilattice). A (partially) ordered set is a meet-semilattice if the495

greatest lower bound exists for its all pair of elements p and q. The greatest lower496

bound is called the meet of p and q, denoted as p ∧ q.497

The reason why we need semilattice is that ordered sets may not be able to represent498

the last common ancestor. Fig. 3D shows an example of ordered sets that are not499

meet-semilattice. Here, the elements a and b are lower bounds of c and d. However,500

it cannot be specified which element, a or b, is the greatest lower bound of c and d501

(i.e., c ∧ d). In contrast, the greatest lower bound or the meet exists for all pairs of502

elements of meet-semilattice by definition. Here, lower bounds and the greatest lower503

bound can be interpreted as common ancestors and the last common ancestors in504

a phylogenetic tree. Based on this point of view, meet-semilattice is appropriate to505

represent tree structures (see Fig. 3E as an example).506

Therefore, semilattice can mathematically represent the individualist view of507

homology, which emphasizes the historicity of homology as an evolutionary phe-508

nomenon4. Evolutionary morphologists often discuss phylogenetic transformation of509

homologous structures. As an example, let us think about the tetrapod forelimb,510

which originally stemmed from the pectoral fin of the fish-like ancestor. While this511

fin retained its morphology in cartilage and bony fishes retain this fin morphology, it512

transformed into a limb with digits in tetrapods. Furthermore, the forelimb changed513

its form variously in different lineages (e.g., the wing in birds, the fin in whales, and514

the arm in humans). Such divergent evolution is well captured by the ordered set, or515

more precisely, by the semilattice.516

4.3 Groupoids and the HPC natural kind view517

In contrast to the individualist view, the HPC natural kind view focuses attention on518

the groupoid-like aspect of homology. This attitude stems from classical essentialism,519

which holds that 1) members of a natural kind share “defining” properties as the520

necessary and sufficient conditions to be its members, 2) the members share the essence521

for being a member of the natural kind, and 3) having all the “defining” properties522

is logically equivalent to having the essence (i.e., if an entity shows all the “defining”523

properties, it must contain the essence, and vice versa). Subsequently, the HPC natural524

kind view mitigated or even abandoned some of these strong postulates, but in our525

view, it still retains the essentialist attitude. To clarify this point, we first construct526

a sort of category for understanding these classical and HPC natural kind views as527

follows.528

Let E (“the set of entities”) and P (“the set of properties”) be sets, and M (“the529

set of meaningful subsets of properties”) be a set of subsets of P (i.e., a subset of the530

power set of P ) which is closed under intersection (i.e., “X ∈M and Y ∈M” implies531

“X ∩ Y ∈M”).532

For each map Σ : E −→M (for each ϵ ∈ E, Σ(ϵ) is interpreted as “a certain set of533

the properties satisfied by ϵ”), the category C[Σ] is defined as follows:534

4Note that the semilattice here represents lineages of homologs, not organisms or species. We can con-
struct a phylogenetic tree of any evolutionary entities, including body parts and genes (cf. orthologous and
paralogous genes).
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• Object of C[Σ]: any element of E. (“an entity”);535

• Arrow of C[Σ]: any triple (β, µ, α) consisting of α, β ∈ E and µ ∈ M satisfying536

s ⊆ Σ(α) ∩ Σ(β). (“a relation between α and β mediated by a subset of properties537

they have in common”) [Remark: In general µ can be empty].;538

• Domain/codomain: dom(β, µ, α) = α, cod(β, µ, α) = β;539

• Composition: (γ, ν, β) ◦ (β, µ, α) = (γ, ν ∩ µ, α); and540

• identity arrow: 1α = (α,Σ(α), α).541

(Associative law follows from the associativity of ∩. Unit law is easy.)542

This category becomes a dagger category, that is, a category with an operation †
543

satisfying544

• (x ◦ y)† = y† ◦ x†;545

• (1X)† = 1X for any object X; and546

• (x†)† = x.547

by defining (β, µ, α)† = (α, µ, β). However, it should be noted that dagger categories548

are not necessarily to be groupoids. Note that the arrow (β, µ, α) is invertible if and549

only if µ = Σ(α) = Σ(β).550

In the classical essentialism, a natural kind is defined by suitable Σ satisfying the551

Property (Classical) below:552

Property (Classical). Σ(α) = Σ(β) if and only if α and β belong to the same kind,553

where Σ(ϵ) is a certain set of properties satisfied by ϵ.554

In this case, α and β belong to the same kind if and only if it is isomorphic in C[Σ].555

In other words, the core (i.e., the subcategory consisting of all invertible arrows) of556

C[Σ] has all the information of classification.557

In addition, the classical essentialism assumes an essence underlying this Property558

(Classical). In other words, it is because α and β shares an essence that Σ(α) = Σ(β)559

holds and they are the same at the ontological level.560

Mathematically, the HPC theory can be formulated in a similar way. All we need to561

do is change the “interpretation of symbols” in modeling classical essentialism. First,562

we re-interpret Σ : E −→ M as a mapping from entities to the meaningful subsets of563

properties in a sense that these properties are co-occurred frequently in some entities.564

This leads to the next re-interpretation of Σ(ϵ) as “a certain set of the properties that565

are satisfied by e and frequently co-occurring each other in some entities belonging to566

E”, instead of “a certain set of the properties satisfied by ϵ”. This means entities are567

represented as weights of a connection between properties in M (i.e., if two properties568

co-occur frequently in many entities, then the connection between these properties569

becomes stronger).570

If we accept the ontological principle of the HPC theory that “behind the properties571

that co-occur there must be a common underlying basal mechanism that generates572

them,” then by choosing proper Σ : E −→M , the structure of the subgroupoid should573

provide a foundation of natural kinds. In other words, as in the classical essentialism,574

the HPC view requires suitable S satisfying the Property (HPC) below:575
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Property (HPC). Σ(α) = Σ(β) if and only if A and B belong to the same kind, where576

Σ(ϵ) is a certain set of the properties that are satisfied by ϵ and frequently co-occurring577

each other in some entities belonging to E.578

Here, the HPC theory assume “basal mechanisms” underlying this Property579

(HPC). In other words, it is because α and β shares basal mechanisms that Σ(α) =580

Σ(β) holds and they are the same at the ontological level.581

In this way, the HPC theory has a mathematical basis similar to classical essential-582

ism in terms of understanding homology through “subgroupoids.” It thus retains the583

strong commitment to the sameness among entities or individuals at the ontological584

level, although at first glance it appears to be a much more relaxed version of classical585

essentialism.586

4.4 Summary587

Our mathematical interpretation of the individualist and HPC kind views highlights588

a sharp contrast between them; the former highlights the ordered set-like aspect of589

homology, while the latter emphasizes its groupoid-like aspect instead. Nevertheless,590

both mathematical models are deduced from the category theory. This implies that591

they share a common mathematical basis but emphasize different facets of homology. If592

that is the case, is it possible to conciliate them for establishing an integrated theory?593

To accomplish this, the key is incorporating the processual and dynamical aspect of594

homology and admitting categorization as a natural kind without strong ontological595

commitment to the essence or its proxies such as basal mechanisms.596

5 New alternative views of the homology concept597

To overcome the dichotomy between the individualist and natural kind views, two598

new conceptions of homology have recently been proposed (Otsuka 2017; Suzuki and599

Tanaka 2017). They both aim to avoid essentialistic ontological commitments but600

instead highlight the processual and dynamical aspect of homology, thereby providing601

a conceptual basis to establish a new mathematical formulation of homology.602

First, Suzuki and Tanaka (2017) take a phenomenological minimalist attitude and603

propose that homologs can be defined as persistently reproducible modules (PRMs).604

They suggest that homologs are persistently and repeatedly generated in both evolu-605

tionary and developmental processes. For example, the right forelimbs of a tetrapod606

species are consistently formed from generation to generation. Furthermore, a newt607

can regenerate its appendages, meaning that homologous structures can be repeatedly608

produced in development.609

According to Suzuki and Tanaka (2017), homologs certainly show individualist-like610

features such as spatial restriction and engagement in temporal processes. Neverthe-611

less, non-individualist-like features are also found; strictly speaking, homologs are612

not continuous either spatiotemporally or genetically because they are formed and613

destroyed in each generation without transmitting any genetic information. At the614

same time, the authors point out a kind-like feature in homology because persistent615

reproducibility of homologs enables us to inductive generalization. However, they do616
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not assume any essence or its proxies behind the persistent reproducibility, keeping a617

distance from the natural kind view.618

Concurrently, Otsuka (2017) proposed another concept of homology employing619

the causal graph theory, in which homology is defined as an isomorphism of causal620

subgraphs over lineages. His mathematical formulation is as follows (Otsuka 2017, pp.621

1130–1131).622

Let G(a) be a causal graph representing a particular developmental mechanism of an623

individual organism a. Collectively, G(A) is a set of the relevant causal structures for a624

set of organisms A. We assume usual ancestor/descendant relationships over organisms. If625

b is an ancestor of a, the lineage between b and a is the set of every individual between626

them. Given this setup the causal homology is defined as follows.627

For two sets of organisms A, B, let G′ be a subgraph of all g ∈ G(A), and G′′ be a628

subgraph of all g ∈ G(B). Then G and G′′ are homologous iff629

1. G′ ∼ G′′ (here ‘∼’ means isomorphism);630

2. there is a set of common ancestors C of A and B; and631

3. for every d in all the lineages from C to A and C to B, G(d) has a subgraph G′′′
632

such that G′′′ ∼ G′ ∼ G′′.633

With this formulation, Otsuka (2017, p. 1134) argues that a homolog to concrete634

organs stands not as a universal to particulars in instantiation, nor as a whole to parts635

in mereological relationship, but rather as a model to phenomena to be modeled in636

representation. He also advocates the superiority over his account to the HPC theory,637

pointing out the boundary problem involved in the latter (Otsuka 2017, p. 1135).638

In summary, both Suzuki and Tanaka (2017) and Otsuka (2017) attempt to over-639

come the dichotomy between the individualist and natural kind views, in pursuit of640

a third alternative. They aim to avoid strong ontological commitment to individuals641

or universals and instead take a phenomenological or representational stance. In this642

sense, they are oriented in the same direction.643

Nevertheless, the PRM view by Suzuki and Tanaka (2017) is too conceptual and644

lacks mathematical formulation. In contrast, the causal graph theory by Otsuka (2017)645

is well established. However, his theory encounters the same pitfall as the HPC natu-646

ral kind view in considering the two thought experiments described in Section 3. Let647

us interpret characters a, b, c, . . . in Fig. 1 and 2 as subgraphs instead of proper-648

ties. In the case of the “decrease of shared properties,” for example, the isomorphic649

causal subgraphs become smaller as the number of shared properties decreases among650

lineages. Furthermore, in the case of the “gradual but complete replacement of proper-651

ties,” there is no isomorphic causal graph when properties of homologs are completely652

replaced.653

These thought experiments reveal an inconspicuous similarity between the causal654

graph and HPC theories; commitment to stable causal/mechanistic structures behind655

phenomena, defined as isomorphic causal subgraphs and basal mechanisms, respec-656

tively. In discussing DSD, Otsuka (2017, p. 1136) argues that the drift in genetic or cell657

materials may not alter topological features of the causal network, that an abstract658

description of the causal structures buffers the changes in drift, and that a partial cor-659

respondence in subgraphs suffices to establish a homology relationship. Nevertheless,660

the subgraphs for defining a set of homologs are required to remain constant.661
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Instead, we propose that we should place more emphasis on dynamic changes.662

Since evolution and development are dynamic processes in nature, we may miss the663

key aspect of homology if we discount it. In this regard, the PRM view appears664

more suitable for the basis of our new mathematical formulation because it is more665

process-oriented.666

6 Mathematical formulation of the process-oriented667

homology views in terms of the category theory668

Now, we present a new mathematical formulation of homology based on the PRM view669

proposed by Suzuki and Tanaka (2017). This can be accomplished by generalization670

and extension of the causal graph model by Otsuka (2017), considering free categories671

of graphs at a higher level with lower-level causal graphs (here representing individual672

organisms) as vertices, representing evolutionary changes among generations.673

Fig. 4 Category-theoretical formulation of homology. (A) Homologs as persistently reproducible
modules (PRMs), based on Suzuki and Tanaka (2017). The transgenerational relationships of the
entire individuals and the homologs of interest are represented as solid and dash lines, respectively.
(B) Schematic image of a morphological module. The hindlimb and its fringe are denoted as Ho

A and
∆Ho

A, respectively. (C, D) Schematic diagram (C) and genetic regulatory network (D) of a developing
limb, modified from Jin et al. (2019), licensed under CC-BY. The developmental module for a limb
bud and its fringe are denoted as Ho

A and ∆Ho
A, respectively.

First, we consider a pair (GA, HA) of the graph GA, representing an entire network674

of morphological characters or developmental mechanisms of an individual organism675

A, and its subgraph HA of interest as a vertex of the “meta-level” graph as described676

below. This means that the correspondence of the homologs is interpreted as meta-677

level intergenerational relationship (the dashed lines in Fig. 4), where these homologs678

are defined as subgraphs of individulas-as-entire-networks. Here, subgraph HA is the679
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union5 of the subgraph Ho
A of the homology of interest6 and its “fringe” ∆Ho

A; the680

latter denotes a directed graph consisting of the vertices that are not inHo
A but directly681

connected to the vertices of Ho
A, as well as the edges between them.682

The reason why we need to consider the fringe or ∆Ho
A is that, in discussions of683

homology, it is essential to consider the part Ho
A “within the whole,” especially in684

relation to its fringe (the principle of connections, introduced by Geoffroy Saint-Hilaire685

1980; see also Russel 1916; Hall 1994).686

To make a meta-level directed graph, let us draw an edge from (GA, HA) to687

(GB , HB) whenever A is a biological parent to B, and HA and HB are isomorphic.688

Furthermore, we have a symmetric graph by adding a “child to parent” edge e∗ :689

(GB , HB) −→ (GA, HA) to each “parent to child” edge e : (GA, HA) −→ (GB , HB).690

By considering e∗∗ = e, the operator ∗ means an “involution” on edges. Let us write691

this symmetric graph as Γ.692

For any graph Q = (VQ, EQ), where elements of VQ and EQ are called vertices693

and edges of Q, respectively, we can construct a category called the “free cate-694

gory” C(Q) of Q, whose objects and arrows are vertices and “paths” (simply put, a695

coherent sequence of directed edges), respectively. Here a path means a tuple (finite696

series) of vertices and edges (vn, en, vn−1, en−1, · · · , e1, v0) that satisfies the condi-697

tion s(en) = vn−1, t(en) = vn, where s(e) and t(e) denote the source (starting698

point) of e and target (endpoint) of e, respectively. The composition of the two paths699

(v′n, e
′
n, v

′
n−1, · · · , e′1, v′0) and (vn, en, vn−1, · · · , e1, v0) such that vn = v′0 is defined as700

concatenation:701

(v′n, e
′
n, · · · , e′1, v′0) ◦ (vn, en, · · · , e1, v0) = (v′n, e

′
n, v

′
n−1, · · · , v′0(= vn), en, · · · e1, v0).

The free category C(Q) becomes a dagger category when Q is symmetric. Specifi-702

cally, our meta-level symmetric graph Γ equipped with the operation ∗, C(Γ) becomes703

a dagger category with704

(vn, en, vn−1 · · · , v1, e1, v0)† = (v0, (e1)
∗, v1, · · · , vn−1, (en)

∗, vn).

We suggest that this C(Q) denotes the homologous relationship. This formulation705

can be regarded as an generalized version of Otsuka (2017)’s causal model in the706

sense that it does not require any set of characters shared in all homologs; what it707

needs is just the isomorphism between each parent and child. As an example, let us708

consider a lineage of biological individuals A, B, C, and D, where any parent-child pair709

shows isomorphic relationships: (GA, HA) ←→ (GB , HB), (GB , HB) ←→ (GC , HC),710

and (GC , HC)←→ (GD, HD). Then, we can construct C(Γ) for (GA, HA), (GB , HB),711

(GC , HC), and (GD, HD), whether or not there is a set of properties shared in all these712

homologs of interest.713

5Here, the union (of two subgraphs of a graph) refers to the graph obtained by union of the vertex sets
and edge sets of the two graphs.

6An important point here is that the scope of Ho
A depends on the level of abstraction. See the discussion

below in the main text.
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As a specific case, let us consider the hindlimbs of newts (Fig. 2). In a parent newt714

A, the entire network of morphological characters (or developmental mechanisms)715

and its subgraph around the hindlimb are denoted as a pair (GA, HA). In the same716

way, the corresponding graphs and subgraphs of offsprings are described as (GB , HB),717

(GC , HC), . . . , respectively, from generation to generation. Precisely, HA, HB , . . . are718

the union of the subgraphs of the hindlimb itself Ho
A, H

o
B , . . . , and their fringe ∆Ho

A,719

∆Ho
B , . . . . The vertebrate hindlimb articulates to the pelvic girdle, which consists of720

the pubis, ischium, and ilium. Thus, the fringe can be regarded as this connection721

between the hindlimb and the pelvic girdle (Fig. 2B). Without considering this con-722

nection, we cannot judge confidently whether it is a forelimb or a hindlimb. This is723

why we need to consider the fringe of homologs, although other ways of application724

are also possible (e.g., to focus on the developmental mechanisms instead; Fig. 2D).725

Finally, the intergenerational (i.e. evolutionary) conservation, or homology, of this726

relationship is then represented as C(Γ).727

In a similar way, our model can cover the homological relationship between the728

hindlimbs of the identical biological individual before and after the regeneration. The729

fringe in morphological connections here is to be the same as in the intergenerational730

homology, but that in developmental mechanisms should be different because the731

regenerative mechanisms are not the same as the developmental mechanisms for the732

same organ (Aztekin 2024). This suggests that it is better to interpret (GX , HX)733

as a network of morphological characters, instead of developmental mechanisms, for734

describing regeneration of homological organs.735

Moreover, we can consider homology of the different parts in the same biological736

individual (iterative or serial homology), if we assume different subgraphs HX , H ′
X ,737

H ′′
X , ..., in the same graph GX . Let us consider the case of left and right hindlimbs (in738

short, Lh and Rh, respectively) of a newt; these two symmetrical organs show the same739

morphological characteristics based on the same developmental mechanisms, except740

for the difference due to their bilateral symmetricity. Here, we can assume bilateral741

edges between these two organs, (GX , HLh
X ) and (GX , HRh

X ), and thus C(Γ), although742

they have no historical continuity in a strict sense.743

It is also notable that homologs can be differently marked out depending on the744

level of abstraction. Atavism may well illustrate this point (see also Suzuki and Tanaka745

2017, p. 177). For example, adult whales usually lack hindlimbs but their embryos show746

hindlimb buds temporarily at some period in development. Imagine that a mutant747

whale accidentally has a pair of hindlimbs in adulthood, as actually reported (Andrews748

1921; Ogawa and Kamiya. 1957; Ohsumi and Kato 2008). Here, our model can be749

applied to this case in two different ways as follows.750

If we assume (GX , HX) as an entire network of adult morphological characters751

and its subgraph, respectively, then the “new” hindlimb can be interpreted as a novel752

structure, because it lacks “child to parent” and “parent to child” edges as the parents753

of the whale have no hindlimb in adulthood.7754

Thus, it appears better to focus on development here. By regarding (GX , HX) as an755

entire causal network of developmental mechanisms and its subgraph, respectively, we756

7Still, we may construct somewhat “weak” C(Γ) among the whale and the ancestral tetrapods with a
(large) generational gap, assuming homology and its enabling mechanisms behind it.
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can construct “stronger” C(Γ) of this “new” hindlimb and those of ancestral tetrapods757

with respect to the conserved developmental mechanisms.758

This equivocality of interpretation actually reflects the practice of biologists; an759

atavistic hindlimb of a whale can be interpreted not only as a somewhat novel structure760

but also as a true homolog of ancestral hindlimb.761

The dorsal fin is a good example that forms a contrast to the case of the hindlimb.762

The similarity of the dorsal fin between fishes and cetaceans (whales, dolphins, and763

porpoises) is the result of convergent evolution,8 thus it is homoplasy. Despite their764

seemingly resemblance in appearance, the internal morphology and relationship to765

the remaining body are totally different: the fish dorsal fin contains skeletal fin rays766

associated with basal skeletal elements called pterygiophore, while cetacean dorsal fin767

lacks either these bones or even muscles but instead consists of fibrous connective768

tissues (Huggenberger et al. 2019). Therefore, no C(Γ) can be constructed based on769

morphology. Although it is perhaps possible that certain developmental mechanisms770

are commonly involved (e.g., Fgf signaling pathway for outgrowth formation; see Abe771

et al. 2007), it will not exceed the level of deep homology (see below).772

The level of abstraction also matters in a more practical situation, when we773

discuss homology in various levels in the biological hierarchy such as genes, cells,774

developmental processes, morphological structures, and behaviors.775

Notably, non-homologous organs often share some parts of their developmental776

mechanisms, known as deep homology (Shubin et al. 1997, 2009). For example, the777

tetrapod limbs and the insect appendages involve shared patterning genes, Shh/Hh778

and Dlx/Dll (Held 2017). In this case, if we take the pair (GX , HX) for morphological779

characters, no C(Γ) can be constructed because there is no shared subgraph at the level780

of morphological characters. If we regard that it represents developmental networks,781

on the other hand, GX will denote a small but insufficient subgraph (a portion of782

developmental mechanisms at a “deeper” level) to represent a homolog of interest.783

In the opposite case, homologous morphological characters can be formed through784

distinct developmental mechanisms (DSD; see Sect. 2.3). Similarly, it is reported that785

homologous behaviors are generated by distinct neuronal networks (Newcomb et al.786

2012; Sakurai and Katz 2017). Ereshefsky (2009, p. 226) described these phenomena as787

hierarchical disconnect. Our model can be easily applied to these situations by taking788

(GX , HX) at the level of character itself. In the case of DSD, for example, we can789

construct C(Γ) for morphological characters even if the developmental mechanisms790

for homologs have been changed.791

Our model is compatible with the concept of character identity mechanisms (ChIM)792

proposed by DiFrisco et al. (2020). In their framework, ChIMs are defined as cohe-793

sive mechanisms with a recognizable causal profile that allows them to be traced794

through evolution as homologs despite having a diverse etiological organization. If this795

assumption is granted, we can apply our model to a ChIM as Ho
X associated with the796

input signals and output realizer mechanisms as its fringe (∆Ho
X) in the entire sets of797

mechanisms for generating the entire body (GX).798

In addition, both the individualist and HPC natural kind views can be derived799

from our model. First, it respects the lineage between organisms, representing the800

8https://en.wikipedia.org/wiki/Dorsal fin (accessed on October 3, 2024)
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ordered set-like aspect of homology as emphasized by the individualist view. Also, it801

has the structure of a dagger category, which is a generalization of groupoids. Thus,802

C(Γ) encompasses the HPC natural kind view. In addition, if we regard the fringe of803

the homolog of interest as the mechanisms that generate the homolog, the concept of804

the basal mechanisms can be incorporated into our model without strong commitment805

to the sameness at the ontology level behind the phenomena. At the same time, the806

point that our model does not have such ontological commitment strikingly illustrates807

how our model differs from the HPC view. We will further discuss this point as well808

as biological implications in the next section.809

To summarize, we demonstrated that homology can be mathematically formulated810

in the framework of the free category C(Γ). Our model serves as the basis for homology,811

consistent with various extreme cases such as atavism, deep homology, and DSD. Also,812

is has both ordered set-like and groupoid-like aspects, which are highlighted by the813

individualist and the HPC natural kind views, respectively.814

7 Biological and philosophical implications815

7.1 Biological implications816

With our model, we intended to explain homology, a special form of the sameness of817

biological characters. Nevertheless, it may also be applied to other sameness in biology818

including biological individuals, species, and animal consciousness. Perhaps we need819

separate papers to discuss these topics in enough detail, so we just draw rough sketches820

here.821

First, a biological individual organism A can be regarded C(Γ) of a diachronic series822

of monoids (cf. Hirota et al. 2023), by assuming HA as the entire GA (here, Ho
A = HA823

and ∆Ho
A = ∅). A monoid in category theory is defined as a category with only one824

object, meaning that all arrows start from and terminate at the single object (as both825

domain and codomain). Hirota et al. (2023) suggest that the autonomous self can be826

interpreted as a monoid or a “hub” through which various self-mediating processes827

(represented as allows) are mediated. This interpretation enables us to understand why828

we recognize an individual as an individual, even if the “constituents” of a biological829

individual are constantly replaced (cf. the “Ship of Theseus” paradox).830

Second, a species A at a generation i can be represented asHAi, which is a subgraph831

of GToL, the entire genetic network of life (i.e., the “Tree of Life”). In other words, a832

species can be regarded as a trans-generational interbreeding network of a population833

and the Tree of Life is a tree-structured collection of these species as its branches.834

Thus, HAi is a time-section of a species A as a branch at generation i. A species835

is most commonly defined as a group of organisms that can successfully interbreed836

and produce fertile offspring (the biological species concept), although there are other837

different species concepts (Ereshefsky 2002/2022). For example, all living dogs and838

wolves belong to the same species Canis lupus and have a potential to have a fertile pup839

by mating. In this definition, a species is characterized as a series of transgenerational840

gene pools (here, a gene pool means the total collection of genes shared by biological841

individuals in an interbreeding population at a specific generation).842
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Generation to generation, the contents of a gene pool changes constantly by muta-843

tion, selection, genetic drift, and so on. If we consider HAi and the same gene pool844

at the next generation HAj , we obtain an isomorphic subgraph Ho
Ai ∼ Ho

Aj based on845

the shared portion of the gene pool HAi ∩ HAj . Then, we can construct C(Γ) that846

represents genetic continuity of the gene pool through generations.847

In contrast, different species (i.e., different gene pools) A and B at a specific848

generation n have no gene flow between each other, thus no C(Γ) can be constructed849

between HAn and HBn. Still, they evolutionary share common ancestry because all850

known organisms have a single origin. In this regard, we can assume ‘indirect’ C(Γ) via851

their common ancestor H(A/B)m at a past generation m; they were the same species852

at that time after all.853

Just as the case of homology we have already shown, our model thereby disentan-854

gles the species problem whether a species is an ontological individual or a natural855

kind.856

Last, our model may be applicable to animal consciousness. Recently, more and857

more authors discuss the evolution of consciousness (e.g., Feinberg and Mallatt 2016,858

2018; Ginsburg and Jablonka 2019; Ota et al. 2022; Suzuki 2021, 2022a, 2022b; Veit859

2023). Homology is a key question here; for example, are vertebrate and cephalopod860

consciousness is homologous? If we accept that consciousness is an evolutionary entity861

generated in specific biological individuals (see also Suzuki 2022a; Suzuki and Tanaka862

2017), consciousness of an animal A can be characterized as HA in the same way as863

other homologs.864

Interestingly, the hierarchical disconnect can also be found in the homology of con-865

sciousness (Ota et al. 2022). Feinberg and Mallatt (2016, pp. 118–125) suggested that866

the “end site” of the vertebrate sensory consciousness was shifted from the midbrain867

tectum to the forebrain pallium in mammals and birds independently. If it is true, the868

neural substrates for homologous consciousness were changed during the evolution of869

these lineages in a similar manner to the DSD. As our model can encompass the cases870

of the hierarchical disconnect, it provides a powerful conceptual platform for animal871

consciousness research.872

7.2 Philosophical implications873

We have shown that homologs have both individual-like and natural kind-like aspects.874

Are they irregular ontological entities? On the contrary, we suggest that the canonical875

“individuals” and “classes” are special cases. An ontological individual is defined as876

a highly static diachronic series of monoids (Hirota et al. 2023), as is the case in a877

biological individual organism. On the other hand, a class is C[Σ] that is constructed878

from isomorphism of properties HA, HB , HC , ..., in distinct ontological individuals879

GA, GB , GC , ..., without considering genealogical interconnections.880

This idea further leads us to reform of ontology, with emphasis not on static ele-881

ments or “things” but more on dynamic processes and causal networks. The category882

theory is a powerful tool to explore this idea. Whereas the set theory regards elements883

as fundamental factors, the category theory is based on arrows and even elements can884

be interpreted as arrows. This arrow-first mathematics has strong affinity for modeling885

dynamical changes of causal networks; a causal network at a time point is represented886
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as a directional graph composed of arrows, and its diachronic changes are described887

as “morphisms between categories” such as functors.888

An important point here is that the causality in these networks is not necessar-889

ily deterministic or mechanistic. As discussed in Section 2.3, biological processes are890

causal but not deterministic because they are inherently stochastic. For describing891

such non-deterministic causation, we may employ the concept of the “enabling rela-892

tion”, which means “X enables Y ” or “without X, there would be no Y ” relationship893

(De Jaegher et al. 2010; Hirota et al. 2023). Category theory is a powerful tool to894

represent such kind of causation.895

Philosophically, the dichotomy between individuals and kinds has long been taken896

as a given. However, our analysis opens a new horizon for going beyond this dis-897

junction. We suggest that individuals and kinds are derived aspects of other entities,898

namely, processes. In fact, such process-first ontology has been promoted by some899

philosophers of biology (Dupré 2012; Nicholson and Dupré 2018). These philosophical900

analyses of biological entities, including the present study on homology, may provide a901

crucial viewpoint to reconsider traditional (especially, Western) philosophical dogmas.902

8 Conclusion903

In the present study, we attempted to establish an unified perspective on the onto-904

logical nature of homology. Through mathematical formulation, we showed that both905

individual-like and natural kind-like features of homologs can be derived from a906

process-first ontology based on the category theory. Our model are applicable to a907

wide range of phenomena linked with homology, such as atavism, deep homology, and908

DSD. Furthermore, we propose that our analysis leads to the process-first ontology,909

overcoming the longstanding dichotomy between individusls and kinds in Western910

philosophy.911
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