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Abstract

Homology is a fundamental but controversial concept in biology, referring to
the sameness of biological characters across organisms. Despite its crucial role,
its ontological nature has been a subject of intense debate, with a dichotomy
between individualist and natural kind views. This study proposes a category-
theoretic framework to reconcile these views by emphasizing the processual nature
of homology. We first review major philosophical views of homology with their
respective advantages and disadvantages. Next, we highlight the dynamic and
evolving nature of homologs through two thought experiments. Through math-
ematical formulation, we then show that the individualist and natural kind
views represent ordered set- and groupoid-like aspects, derived from a primary
category-theoretical model based on a process-first dynamic view of homology.
Our model covers a wide range of phenomena linked with homology, such as
atavism, deep homology, and developmental system drift (DSD). Furthermore, it
provides a unified perspective on the ontological nature of homology, overcoming
the longstanding dichotomy between individuals and kinds in Western philosophy.

Keywords: homology, category theory, ontology, individual, natural kind
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1 Introduction

Homology is a key concept in biology (Suzuki 2021; Wagner 2016). It refers to a special
sense of the sameness of biological characters, but there has been an intense debate on
what exactly this “sameness” means, involving both scientists and philosophers (Assis
and Brigandt 2009; Brigandt 2009; Darwin 1859; de Beer 1971; Ereshefsky 2009; Hall
1994, 1999; Lankester 1870; Miiller 2003; Owen 1849; Spemann 1915; Wagner 1989).

Behind this conflict, there is a fundamental ontological dichotomy between indi-
viduals (or particulars) and kinds (or classes, universals), which has long been granted
in Western philosophy. For example, Aristotle divided actual things (pragmata) into
particulars and universals in “De interpretatione” (Aristotle 1966, p. 47, 17a38-39).
In the age of scholastic philosophy, the well-known “universals debate” took place
(Klima 2000/2022). Even among analytical philosophers, the problem of natural kinds
has been intensely discussed (Kripke 1980; Putnam 1975; Quine 1969).

Also in the philosophy of biology, the dichotomy between individuals and kinds
appears as several conceptual issues. In particular, the ontological nature of biological
species has been actively discussed. Some have proposed that a species is an individual
as a historical entity (Ereshefsky 2002/2022; Ghiselin 1997), while others prefer to
regard it as a sort of natural kind (Boyd 1999; Brigandt 2009; Griffiths 1999).

Compared to this species problem, a unique point in homology is the lack of clearly
defined units. A species typically consists of distinct biological individuals or organisms
as its units or members. Here, the boundaries of these units are clearly defined. In
contrast, the units of homology (i.e., homologs) are body parts of biological individuals.
In this case, the boundary of a homologous unit (i.e., which and how many portions
of the body should be included in a homolog?) is not defined a priori. In philosophical
terms, the problem of individuation is involved here. Because of this undefinedness,
the ontological status of homologs is more uncertain and puzzling than that of species.

In this paper, we propose a novel perspective that the equivocal nature of homology
can be understood by the category-theoretic formulation of a process-oriented view of
homology, which can derive both the individualist and natural kind views as its spe-
cific cases. To demonstrate this, we first review major philosophical views of homology,
pointing out their respective advantage(s) and disadvantage(s): the essentialist, indi-
vidualist, and neo-essentialist homeostatic property cluster (HPC) natural kind views
(Section 2). Next, we introduce two thought experiments to highlight the weakness
of a major view that regards homologs as a HPC natural kind (Section 3). Still, we
admit that homologs indeed show certain features as HPC natural kinds, along with
the features as parts of an ontological individual. To explain this, we then mathemat-
ically interpret the individualist and HPC kind views, characterizing them as special
cases of ordered-sets and groupoids, respectively (Section 4). With this mathematical
formulation, we emphasize that both mathematical models of the individualist and
HPC kind views are deduced from the category theory. This finding leads us to seek
alternative views of homology. In Section 5, we review such alternative views that are
newly proposed in highlighting processual and dynamical aspects of homology. In par-
ticular, we find that the view proposed by Suzuki and Tanaka (2017) shows strong
affinity to the arrow-based category theory because it is more process-oriented. In this
regard, we subsequently propose a mathematical formulation of these process-oriented
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homology views in terms of the category theory (Section 6). Finally, we discuss biolog-
ical and philosophical implications of our model, suggesting that our analysis opens a
new horizon of process-first ontology, going beyond the dichotomy between individuals
and kinds.

2 Different philosophical views of homology

In this section, we critically review major philosophical views of homology (i.e., the
essentialist, individualist, and neo-essentialist HPC natural kind views) as summarized

in Table 1.

Table 1 Different philosophical views of homology.

Argument

Major advantage(s)

Major disadvantage(s)

Essentialist view
(pre-Darwinian)

Individualist view
(Darwinistic)

HPC natural kind
view (evo-devo-

Homologs share an
archetype or an
essential nature.

Homologs are parts of
an ontological
individual.

Homologs share a
homeostatic property

... fits the traditional
portrayal of scientific
inquiry.

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

.. enables inductive
generalization.

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

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

...focuses too much on
homeostaticity,

cluster and its basal
mechanisms as a
natural kind.

associated) possibly leading to an
oversight of the
evolving aspect of

homology.

2.1 Essentialist view

In history, Richard Owen was the first to define the homology concept in a more or less
modern way. According to him, a homologous organ is “the same organ in different
animals under every variety of form and function” (Owen 1843, p. 379). Here, the
concept of homology was contrasted with that of analogy, the sameness of function;
an analogous organ is “a part or organ in one animal which has the same function as
another part or organ in a different animal” (Owen 1843, p. 374). Despite the difference
in form and function, homologs are the same because they share the “essential nature”
of animal body parts (Owen 1849, p. 70). Here, an essential nature specifically means
an archetype, the predetermined pattern that provides a basis for modifications in
each organism (Owen 1849, p. 2). This is a typical conception of the essentialist view
of homology.

This essentialist view matches the traditional portrayal of scientific inquiry (Locke
1689/1690, Book IIT; Kornblith 1993, Chap. 2). Scientists first categorize scientific
entities or phenomena into a natural kind. Then, they list invariant, intrinsic prop-
erties that the natural kind entails. These “defining” properties comprise necessary
and sufficient conditions, which participate in the laws of nature. Finally, scientists
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reveal the “essence” of the natural kind that explains the properties mentioned above.
Through such a process, scientists successfully make explanations and predictions of
the natural world.

Such a portrayal has a strong affinity to the practice in physics and chemistry. For
example, gold can be distinguished from other kinds of metals in many aspects, includ-
ing physical (e.g., the density, melting point, thermal conductivity, and malleability)
and chemical (e.g., chemical corrosion resistance). Scientists have shown that the prop-
erties of gold can be explained by its microstructural essence—the chemical element
Au (more specifically, its nuclide, electron configuration, crystal structure, etc.). Actu-
ally, biological species were taken to be the best examples of natural kinds before the
findings of chemical elements, because they had long been regarded as invariant (Bird
and Tobin 2008/2024).

2.2 Individualist view

However, biological entities do not fit such an essentialist attitude because of their
evolving nature. The idea of invariant biological species was challenged by the trans-
mutation theories, especially that of Charles Darwin (Darwin 1859). In Darwinian
evolutionary theory, species are historical entities that transform and ramify through
time. Their genetic structures diverge as well. Therefore, there is no invariant, intrin-
sic property, or essence of a species. In this way, essentialism failed, and the “death of
essentialism” was pronounced (Ereshefsky 2002/2022).

Along the same lines, the Darwinian zoologist Edwin Ray Lankester criticized the
essentialist view of homology, redefining the concept of homology (or homogeny in his
own words). According to him, homologous (or homogeneous) structures are “genet-
ically related, in so far as they have a single representative in a common ancestor”
(Lankester 1870, p. 36). In other words, homologs are defined by historical continuity
of descent from a common ancestor (Wagner 1989, p. 51). This “historical homol-
ogy concept” was widely accepted among evolutionary biologists (Wagner 1989, pp.
53-54).

In the philosophical context, Michael Ghiselin discussed the ontological status of
species and put forward the individualist view (Ghiselin 1997). He argued that species
are not natural kinds but ontological individuals. Based on this assumption, he also
suggested that “homologies are relations of correspondence between parts of wholes
[individual organisms] which are in turn parts of larger wholes [evolutionary lineages,
e.g., species].” (Ghiselin 1997, p. 205). Here, ontological individuals are characterized
as they (1) are concrete rather than abstract, (2) engage in process, (3) have no defining
properties (i.e., essential properties), (4) have no instances, (5) are spatiotemporally
restricted, and (6) do not function in laws (Ghiselin 1997, 2005).

This conception of homology is highlighted in comparison with that of analogy.
According to Ghiselin (Ghiselin 1997, p. 208), analogy is also a relation of correspon-
dence between parts of wholes. However, those wholes are not parts of some larger
individual but instead are members of a class since analogical characters are not spa-
tiotemporally restricted (Ghiselin 1997, p. 208). Thus for individualists, to put it
simply, “homologues are parts of an individual [e.g., a species] rather than members
of a kind” (Ereshefsky 2009, p. 228).
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Nevertheless, this seemingly clean-cut characterization of homologs as parts of an
ontological individual becomes somewhat ambiguous when Ghiselin (1997, 2005) dis-
cusses iterative homology, more commonly known as serial homology—homological
parts within an organism, for example, left and right eyes/hands/feet of humans
(“antimeres”) and paired appendages (antennae, maxillipeds, pereiopods, and
pleopods) of arthropods (“metameres”). He clearly distinguishes iterative homology
from inter-organismal homology (“evolutionary homology” in his term) and suggested
as follows (Ghiselin 1997, p. 213):

If by an explanation we mean relating something to its underlying causal basis, this makes
a certain amount of sense for iterative homologues for which the correspondence is between
parts that share a common developmental mechanism as well as a history of interconnect-
edness. On the other hand, since the existence of a common ancestor is a defining property
of evolutionary homology, there is obviously something wrong with such a claim.

Given that iterative homology is the relation of correspondence between parts
of a biological individual and that evolutionary homology is the relation of corre-
spondence between parts of an ontologically larger individual, Ghiselin’s argument
sounds strange. One may go back to the original individualist definition of homol-
ogy and respond that evolutionary homologs have “historical continuity” but iterative
homologs do not. However, as Wagner (1989, pp. 55-57) pointed out, homologs them-
selves in fact lack continuity. Homologous characters, as being phenotypic parts of
organisms, are newly generated in each generation. From this point of view, Ghiselin’s
conception is more careful and sophisticated, but it somewhat obscures the difference
between evolutionary and iterative homology.

There is another and more serious issue in Ghiselin’s conception of homology; what
exactly is the “relation of correspondence” after all? Even if homologs themselves
are parts of a spatiotemporally restricted individual, their relation of correspondence
itself cannot be an individual. In other words, a biological species is an individual as
a branch of the tree of life, while homologs are correspondence between parts of the
branches (i.e., between species) or sub-branches (i.e., between biological individuals
within a species). In fact, Ghiselin (1997, p. 28) regards relation as a property in terms
of ontological categories. This means that homology itself is a (contingent) property
of an ontological individual.!

However, if this is the case, then how can we recognize the homology (i.e., cor-
respondence) of different parts? To put it another way, how can we find a part
homologous to this other part but not to that one? In the case of analogy, the rationale
that the parts of biological individuals are analogous is based on the class to which the
individual belongs; this class is articulated by the very fact that the analogous parts
of its members perform the same function. Therefore, the analogical relation of corre-
spondence is not a contingent but definitive property of the class. In contrast, there
is no such rationale for homology because the homological relation of correspondence

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.> As Ghiselin
(2005, p. 95) wrote:

The uniformities that we call laws of nature are formulated as true of classes, and make no
reference to any particular individual. Consequently such generalizations of systematics as
“all mammals have hair” are purely historical, or contingent, propositions. [...] Homology
statements are strictly historical propositions. They are not laws of nature and they lack
the necessity that characterizes laws of nature.

As a related issue, lacking the possibility of inductive generalization is also a dis-
advantage of the individualist view of homology. According to (Ghiselin 2005, p. 95),
homology is merely a result of historical contingency. Thus, neither any generaliza-
tion nor prediction is possible. However, these arguments do not well fit with scientific
practices involving the homology concept. Evolutionary biologists often use typologi-
cal representations to generalize homologous characters (Suzuki 2021). Furthermore,
they may predict (or at least imagine) what properties (e.g., internal structure) can
be found in a homological character of unknown past or even future species, which is
phylogenetically related to known ones, based on such generalization. Of course, this
generalization cannot be a natural “law.” In other words, it is not always true. How-
ever, such a “relatively weak” generalization in fact has a role in biology (Parke and
Plutynski 2020).

2.3 Neo-essentialist HPC kind view

In response to the criticism from the individualists, the proponents of the natural
kind view adjusted their theory in several ways. Some promote historical or relational
essentialism, which treats relational properties (such as genealogy and interbreeding),
instead of intrinsic properties, as the essence of a species (de Queiroz 1995; Griffiths
1999; LaPorte 2003; Okasha 2002). However, this position has received considerable
criticism. For example, Ereshefsky (2010, p. 683) pointed out that relations such as
genealogy and interbreeding do not fulfill the explanatory role, which is a core aim
of essentialism, failing to explain the traits typically found among the members of a
species.

Another growing part of neo-essentialism is the HPC kind view (Boyd 1999; Brig-
andt 2009; Griffiths 1999), which moderates the essentialist dogma to encompass
biological entities (Table 2). First, classical essentialism holds that a natural kind has
a set of invariant and intrinsic properties. In the HPC kind view, on the other hand, a
natural kind forms a cluster, rather than a complete set, of often co-occurring proper-
ties that can be variable and extrinsic to some extent. Next, a natural kind in classical
essentialism has an explanatory role in the laws of nature. However, variable proper-
ties in the HCP kind view can no longer contribute to such laws, which do not allow
any exceptions. In spite of failing to fulfill such a strict requirement, an HPC natu-
ral kind is still helpful to make inductive generalizations that allow some exceptions.
Last, classical essentialism presumes that the properties of a natural kind stem from

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-
ostatic mechanisms, which bring about the co-occurrence of properties and can be
extrinsic and/or macrostructural.

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 a cluster of homeostatic
intrinsic properties. properties.
A natural kind plays an the laws of nature. inductive generalizations.
explanatory role in...
The properties of a natural (intrinsic, microstrutual) basal homeostatic
kind stem from its... essence. mechanisms.

Some proponents of the HPC kind view argue that their account is metaphysi-
cally compatible with that of the individualists, while emphasizing an epistemological
advantage of their view in terms of its explanatory role (Assis and Brigandt 2009;
Brigandt 2009). In fact, the homology concept is usefully employed to explain the
structural or developmental features shared among the members of the homologs. In
this respect, the homology concept can be categorized into a broader concept of the
developmental types (e.g., cell types). Although typology has been criticized for its
essentialist nature, a non-essentialist form of typology (i.e., representational typology)
has a certain explanatory role in biology (Love 2008; Suzuki 2021).

However, even if the epistemological advantage of the HPC kind view is granted,
it is not negligible that we also commit to its ontological aspect when we adopt that
viewpoint. Thus, we need to carefully examine its ontological entailments.

On this point, the predilection for homeostaticity appears to be one of the central
issues. Namely, the HPC kind view may focus too heavily on the static aspect of natural
phenomena, which results in ignoring their dynamic aspect. Although this attitude is
indeed useful for inductive generalization, it is crucially unsuitable for evolutionary
entities because they are dynamic in nature (refer to the discussion using two thought
experiments in the next section).

Another issue is the nature of the homeostatic mechanisms, which is the very basis
for the explanatory power of natural kinds. Boyd (1999, p. 129, 141-142) assumed that
membership of properties in a natural kind is determined by homeostatic mechanisms
or causal structure of the world, independent of our conventions or our theorizing.
However, the exact meaning of mechanisms of causal structure here is obscure. In
fact, Craver (2009) analyzed the HPC theory in light of the philosophy of mechanism
and argued that the HPC view is not free from our epistemic interest when we judge
whether two mechanisms are the same or different (i.e. when we carve out natural
kinds).

To refine the HPC theory, some authors have tried to replace homeostatic mech-
anisms with other concepts. For example, Khalidi (2018) proposed natural kinds as
nodes in causal networks. In this view, co-occurrence of properties is not assumed to
rely on any homeostatic mechanisms. Instead, natural kinds are regarded as clusters
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of core causal properties, which give rise to clusters of derivative properties as non-
natural kinds. Nevertheless, Onishi and Serpico (2021) indicated that this view fails
to overcome Craver’s (2009) challenges, just as the original HPC theory does.

On the other hand, Slater (2015) abandoned any mechanistic or causal notions for
natural kinds and put forward the stable property cluster (SPC) account. However,
as Onishi and Serpico (2021) pointed out, the SPC theory fails to account for some
inductive inference in science, which is an important epistemic and practical aspect of
natural kinds.

In addition to interest-relativity, another related issue appears to be involved in
the HPC theory and its variations: the notions of determination and causation are
mixed up. For example, Boyd (1991, p. 141) wrote, “kinds such that the unity of
the property-cluster which defines them is causal rather than conceptual’ and “[t]he
natural definition of one of these homeostatic property cluster kinds is determined by
the members of a cluster of often co-occurring properties and by the (“homeostatic”)
mechanisms that bring about their co-occurrence” (italics original). Khalidi (2018, p.
1389) presented a similar view, saying; “it is usually specific stable combinations of
some set of (determinate) properties that have a rich set of effects, giving rise causally
to the instantiation of a multitude of other properties.” These authors assume that
a natural kind is determined by a cluster of properties, which are causally intercon-
nected with their basal mechanisms and/or other associated properties. They seem to
presuppose the linkage of determination and causation here.

As Kment (2010) pointed out, David Hume introduced two important ideas about
causation. One is the determination idea (“causes determine that their effect obtains”)
and the other is the difference-making idea (“a cause makes a difference to whether
its effect obtains: without it, the effect would not have obtained”). As many readers of
Hume have remarked, contrary to what Hume suggests, these ideas are quite different.
In Kment’s (2010, p. 82) words:

To say that the causes together nomically determine their effects is to say that, given the
laws, the causes are jointly sufficient for the effect. By contrast, to say that the effect would
not have obtained if any of causes had not obtained is to say that causes are individually
necessary in the circumstances for the effect.

As we have discussed above, natural kinds and laws of nature were tightly coupled
in classical essentialism. Despite that the HPC theory and its variations weaken this
assumption and instead appeal to inductive generalization, they still stick to the notion
of determination, which presupposes certain laws. In fact, Onishi and Serpico (2021,
p. 65) pointed out that three indeterminacies are involved in the HPC theory and its
variations as follows:

® The Boundary Problem: Indeterminacy regarding factors that should be included
among the components of kind-defining mechanisms;

® The Degree of Abstraction Problem: Indeterminacy regarding the degree of abstrac-
tion at which kind-defining mechanisms are characterized, from very detailed to
very schematic; and
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® The No One-to-one Problem: Indeterminacy regarding a kind-defining mecha-
nism that arises from non-linear causal pathways between etiological mechanisms,
constitutive mechanisms, and property clusters.

Therefore, the HPC theory and its variations cannot maintain determinacy. Kment
(2010) argues that what justifies us in using patterns of difference-making to test
causal claims is the determination idea. We think determination is too much for this
justification. Especially in biology, it is often stressed that there is no universal law
(Beatty 1997; Parke and Plutynski 2020). Therefore, causation in biology does not
imply determination in a strict sense (i.e., the causes may not be nomically sufficient
for the effect). Still, biologists successfully use causal claims in their research. Biological
processes in general, and evolutionary processes in particular, are surely causal but
not deterministic because they are inherently stochastic.

Also in the case of homology, homologs are often based on surprisingly different
mechanisms. One example is developmental system drift (DSD), where homologous
characters are generated through non-homologous developmental processes (Haag and
True 2021; McColgan and DiFrisco 2024; True and Haag 2001). For instance, the
developmental mechanisms for somitogenesis are highly variable in both vertebrates
and arthropods (DiFrisco and Jaeger 2019; Peel and Akam 2005). Another example
is that homologous parts can often be regenerated through different mechanisms from
that found in development (Aztekin 2024). Finally, it is known that a phenotype orig-
inally produced in response to environmental cues can later be genetically fixed to
appear. This process was first described by Waddington (1953) as genetic assimila-
tion. These phenomena indicate that homologs are not determined by their generative
mechanisms in a strict sense.

2.4 Summary

As we have seen above, there are now two major views on the ontological status
of homology—namely, the individualist and HPC kind views—each with distinct
advantages and disadvantages.

The individualist view argues that “homologies are relations of correspondence
between parts of wholes [individual organisms] which are in turn parts of larger wholes
[evolutionary lineages, e.g., species]” (Ghiselin 1997, p. 205). It successfully captures
the dynamic and historical aspect of homology as an evolutionary phenomenon. How-
ever, it struggles to account for the notion of serial or iterative homology well. A more
serious issue in the individualist view, or at least in Ghiselin’s version, is the ontolog-
ical status of the “correspondence.” Furthermore, this view does not allow inductive
generalization of homologs because the properties of an individual and its parts are
merely contingent by definition.

In contrast, the HPC kind view has the epistemological advantage of enabling
inductive generalization, while it involves some serious ontological issues. In our view,
it makes unnecessarily strong ontological commitment to homeostaticity and deter-
mination, which seems to be inherited from classical essentialism. In particular, an
excessive focus on homeostaticity may result in overlooking the evolving aspect of
homology. To emphasize this point, we present two thought experiments in the next
section.
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3 Two (too?) simple thought experiments

Homologs in particular—and biological entities in general—are participants in
dynamic processes. Therefore, the features of homologs can be changed drasti-
cally through time. The following two experiments illustrate this dynamic aspect of
homologs.

3.1 Decrease of shared properties

Let us think about a branching lineage of homologs (Fig. 1). At first, an ancestral
homolog A possesses certain properties: a, b, and c. Its descendants inherit these
properties with modification and deletion as well as the acquisition of new properties.
For example, the descendant homolog B retains ancestral properties a and b, but ¢
is modified into ¢’. Moreover, a further descendant C' loses b and its descendant D
newly acquires d. In a similar way, each lineage of descendants experiences specific
changes during the evolutionary process. As a result, it is possible that the most recent
descendants D, F', and H have only a as a shared ancestral property.

C D,
B /a c’-—): ¢
— —
S [
/ ) )
T -
— —
G H
) )
ab’cf:_)ab’f
— —

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 properties
decreases as we compare more distantly related descendants. Then, as the HPC kind
view focuses on such shared or homeostatic properties to recognize a natural kind, the
“natural kindness” becomes weaker and weaker as homologous characters evolve—
even though they are indeed homologous in a genealogical sense. Here, this example
calls attention to the discrepancy between weakening natural kindness in the HPC
view and actual consistent generation of homologs.
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3.2 Gradual but complete replacement of properties

The following case demonstrates the difficulty of the HPC kind view more clearly.
Here, an anagenetic evolution of a lineage of homologs is considered (Fig. 2). At first,
an ancestral homolog A has certain properties: a, b, and c¢. Then, a descendant of A
(labeled as B) inherits two of the ancestral properties, b and ¢, and acquires a new
property d, followed by the descendant C with inherited ¢ and d and novel e. Finally,
the descendant D succeeds d and e from C, and newly obtains f. In this sequence,
the properties of the homologs are gradually but completely replaced, such that the
ancestral A with a, b, and ¢, shares no properties with the descendant D with d, e,
and f.

A B C D

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 conserved
property, despite the continuous generation of the homologs. The HPC view thus
appears to be inapplicable.

Some may insist that homology does not hold in this case. Of course, this is an
idealized and extreme toy model, but similar cases are indeed found in nature. The
abovementioned DSD is a good example; in a DSD, the developmental mechanisms
under homologs are drastically substituted. Another example is genetic assimilation,
where the same (i.e., homologous) characters are produced initially via epigenetic, and
later genetic, mechanisms. Therefore, the present toy model is not just an armchair
speculation, and homology does hold here.

Other HPC advocates may instead argue that there should be other homeostatic
properties because the homologs are certainly generated. Still, the aforementioned
examples of DSD and genetic assimilation indicate dynamic changes in generative
mechanisms for these homologs, undermining the existence of “basal” mechanisms in
the HPC view in such cases. Thus, the present toy model again shows the discrepancy
between weak natural kindness in the HPC view and the actual consistent generation
of homologs.

3.3 Conceptual implications from these thought experiments

The two thought experiments proposed here illustrate the dynamically evolving nature
of homology, where the properties and their generative mechanisms of homologs can
change drastically, highlighting the disadvantage of the HPC view even if it has some
epistemological advantage.

An important point here is that we do not intend to negate and abandon the
HPC view but to show its negative tendency to overlook and truncate these dynamic
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changes to abstract (quasi-)static snapshots. We instead seek an alternative way to
embrace the processual aspect of homology (e.g., genealogical continuity of homologs)
in the following part of the present paper.

Still, homological characters indeed show certain natural kind(-like) features, and
scientists successfully explain and predict lineage-specific biological phenomena based
on homology. How could this be possible? To explain this, it is useful to conceptualize
the individualist and HPC kind views in terms of mathematics as discussed below.

4 Mathematical interpretation of the individualist
and HPC kind views

From a mathematical perspective, the two current views of homology (i.e., the indi-
vidualist and HPC kind views) appear to highlight ordered set-like and groupoid-like
aspects of homology, respectively. This mathematical interpretation helps us extract
formal frameworks of the two views, leading to an alternative way to formulate homol-
ogy using the mathematical notion of category. For this purpose, we first introduce
some basic mathematical definitions regarding category theory.

4.1 Definition of category, preorder, and groupoid

In mathematics, a category is defined as a mathematical system composed of entities
called objects and arrows (or morphisms) satisfying the following four conditions.?

Condition 1 (arrow, domain, and codomain). For any arrow f, there exists an object
called dom(f) and another object called cod(f), which are called the domain of f and
the codomain of f, respectively.

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

f:X—Y (1)

or
. f
f:X -y (2)
Arrows are also denoted in any direction, not only from left to right, as above.

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

74y L x 3)
there exists an arrow g o f
7 2 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.
For the composition of arrows, we assume the following conditions:

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

(hog)of=ho(gof) (5)
holds.

Condition 4 (identity law). For any object X, there exists an arrow called identity
arrow 1x : X — X. For any arrow f: X — Y

folx=f=1lyof (6)
holds.
By the correspondence from objects to their identity arrows, objects can be considered
as special kinds of arrows by identifying each object X with its identity arrow 1x.
In sum, the definition of a category is as follows.
Definition 1 (category). A category is a system composed of two kinds of entities
called objects and arrows, equipped with domain/codomain, composition, and identity,

satisfying the associative law and the identity law.

In a category, we can define the “operational” sameness between objects via the notion
of invertible arrows (isomorphism).

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

f: X — Y in C is said to be invertible in C if there exists some arrow g : Y — X
such that

gof=1x,fog=1y (7)
An invertible arrow in C is also called an isomorphism in C.

There are many categories whose collection of arrows is too large to be a set. In the
present paper, we focus on small categories:

Definition 3 (small category). A category C is called small if the collection of arrows
15 a set.

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

For example, a set of shapes and homeomorphisms (invertible continuous maps)
between them form a groupoid (Fig. 3A). A coffee mug and a donut are homeomor-
phic and mutually deformable (i.e., this deformation is invertible). Therefore, these
two shapes are objects of a groupoid. In the same vein, a ball, a bowl, and a cube and
homeomorphisms between them collectively form another groupoid.

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 satisfying

p~p (®)
for any p € P (reflexivity) and

p~>qand q~~>T=p~T (9)

for any p,q,r € P (transitivity) is called a preordered set. The relation ~> on P is
called a preorder on P. The preordered set (P,~+) can be viewed as a category whose
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objects are elements of P when we define the relation p ~~ q between p, q as the unique
arrow from p to q. Conversely, we can define a preordered set as a small category such
that for any pair of objects p, q there exists at most one arrow from p to q.

Note that order and equivalence relation are obtained from preorder by adding
antisymmetricity and symmetricity, respectively.

Definition 6 (order). A preordered set satisfying
p~qandqg~p=p=gq (10)
for any p and q (antisymmetricity) is called an ordered set.

In other words, the entities in an ordered set have predecessor-successor or equal
relations (a schematic image of ordered sets is shown as Fig. 3B). An example of order
is the inclusion relation (C) of subsets. If A is a subset of B, which is in turn a subset
of C, then A is a subset of C' (transitivity). If A is a subset of B and B is a subset of
A at the same time, then A is equal to B (antisymmetricity).

Definition 7 (equivalence relation). A preordered set satisfying
P~ q=q~>p (11)
for any p and q (symmetricity) is called an equivalence relation.

An example of equivalence relation is geometric congruence and similarity. If a figure
A is congruent (or similar) to B, then B is congruent (or similar) to A as well.

This equivalence relation can also be regarded as a special case of groupoid
because p and ¢ are in invertible relationships (Fig. 3C). In other words, groupoid is
a generalized notion of equivalence relation.

In the following subsections, we propose that the individualist and HPC natural
kind views of biological homology are mathematically interpreted as highlighting its
ordered set-like and groupoid-like aspects. Based on the fact that both ordered set and
groupoid are special cases of category, we further discuss that these two views can be
generalized in terms of category theory.

4.2 Ordered sets and the individualist view

The individualist view highlights the historical continuity of homologs as evolution-
ary entities, meaning that homologs form a sequence, which sometimes bifurcates as
a tree. The semilattice, a special case of ordered sets, is useful for mathematically
describing such tree structures. Although there are two types of semilattices, join- and
meet-semilattices, here we introduce only the latter one because of its affinity to the
evolutionary tree.
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Definition 8 (meet-semilattice). A (partially) ordered set is a meet-semilattice if the
greatest lower bound exists for its all pair of elements p and q. The greatest lower
bound is called the meet of p and q, denoted as p N q.

The reason why we need semilattice is that ordered sets may not be able to represent
the last common ancestor. Fig. 3D shows an example of ordered sets that are not
meet-semilattice. Here, the elements a and b are lower bounds of ¢ and d. However,
it cannot be specified which element, a or b, is the greatest lower bound of ¢ and d
(i.e., ¢ A d). In contrast, the greatest lower bound or the meet exists for all pairs of
elements of meet-semilattice by definition. Here, lower bounds and the greatest lower
bound can be interpreted as common ancestors and the last common ancestors in
a phylogenetic tree. Based on this point of view, meet-semilattice is appropriate to
represent tree structures (see Fig. 3E as an example).

Therefore, semilattice can mathematically represent the individualist view of
homology, which emphasizes the historicity of homology as an evolutionary phe-
nomenon®. Evolutionary morphologists often discuss phylogenetic transformation of
homologous structures. As an example, let us think about the tetrapod forelimb,
which originally stemmed from the pectoral fin of the fish-like ancestor. While this
fin retained its morphology in cartilage and bony fishes retain this fin morphology, it
transformed into a limb with digits in tetrapods. Furthermore, the forelimb changed
its form variously in different lineages (e.g., the wing in birds, the fin in whales, and
the arm in humans). Such divergent evolution is well captured by the ordered set, or
more precisely, by the semilattice.

4.3 Groupoids and the HPC natural kind view

In contrast to the individualist view, the HPC natural kind view focuses attention on
the groupoid-like aspect of homology. This attitude stems from classical essentialism,
which holds that 1) members of a natural kind share “defining” properties as the
necessary and sufficient conditions to be its members, 2) the members share the essence
for being a member of the natural kind, and 3) having all the “defining” properties
is logically equivalent to having the essence (i.e., if an entity shows all the “defining”
properties, it must contain the essence, and vice versa). Subsequently, the HPC natural
kind view mitigated or even abandoned some of these strong postulates, but in our
view, it still retains the essentialist attitude. To clarify this point, we first construct
a sort of category for understanding these classical and HPC natural kind views as
follows.

Let E (“the set of entities”) and P (“the set of properties”) be sets, and M (“the
set of meaningful subsets of properties”) be a set of subsets of P (i.e., a subset of the
power set of P) which is closed under intersection (i.e., “X € M and Y € M” implies
“XNY eM”).

For each map ¥ : E — M (for each € € E, X(e) is interpreted as “a certain set of
the properties satisfied by €”), the category C[X] is defined as follows:

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[X]: any element of E. (“an entity”);

e Arrow of C[X]: any triple (8, u, ) consisting of o, 3 € E and u € M satisfying
s € (o) NE(F). (“a relation between o and § mediated by a subset of properties
they have in common”) [Remark: In general p can be empty].;

¢ Domain/codomain: dom(f3, i, @) = a, cod(B, p, @) = f;

e Composition: (v, v, ) o (B, u, ) = (77, v N p,«); and

e identity arrow: 1, = (o, X(a), a).

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

This category becomes a dagger category, that is, a category with an operation
satisfying

* (zoy)t =yl oal;
e (1x)" = 1x for any object X; and
o (2Nt =21.

by defining (3, 1, @)’ = (a, u, 3). However, it should be noted that dagger categories
are not necessarily to be groupoids. Note that the arrow (3, i, «) is invertible if and
only if = X(a) = X(B).

In the classical essentialism, a natural kind is defined by suitable ¥ satisfying the
Property (Classical) below:

Property (Classical). X(«) = X(8) if and only if a and 8 belong to the same kind,
where () is a certain set of properties satisfied by e.

In this case, o and § belong to the same kind if and only if it is isomorphic in C[X].
In other words, the core (i.e., the subcategory consisting of all invertible arrows) of
C[3] has all the information of classification.

In addition, the classical essentialism assumes an essence underlying this Property
(Classical). In other words, it is because « and 3 shares an essence that X(a) = X(5)
holds and they are the same at the ontological level.

Mathematically, the HPC theory can be formulated in a similar way. All we need to
do is change the “interpretation of symbols” in modeling classical essentialism. First,
we re-interpret ¥ : F — M as a mapping from entities to the meaningful subsets of
properties in a sense that these properties are co-occurred frequently in some entities.
This leads to the next re-interpretation of X(e) as “a certain set of the properties that
are satisfied by e and frequently co-occurring each other in some entities belonging to
E” | instead of “a certain set of the properties satisfied by €”. This means entities are
represented as weights of a connection between properties in M (i.e., if two properties
co-occur frequently in many entities, then the connection between these properties
becomes stronger).

If we accept the ontological principle of the HPC theory that “behind the properties
that co-occur there must be a common underlying basal mechanism that generates
them,” then by choosing proper X : E — M, the structure of the subgroupoid should
provide a foundation of natural kinds. In other words, as in the classical essentialism,
the HPC view requires suitable S satisfying the Property (HPC) below:
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Property (HPC). X(«) = X(8) if and only if A and B belong to the same kind, where
Y (e€) is a certain set of the properties that are satisfied by € and frequently co-occurring
each other in some entities belonging to E.

Here, the HPC theory assume “basal mechanisms” underlying this Property
(HPC). In other words, it is because o and 8 shares basal mechanisms that ¥(a) =
3(B) holds and they are the same at the ontological level.

In this way, the HPC theory has a mathematical basis similar to classical essential-
ism in terms of understanding homology through “subgroupoids.” It thus retains the
strong commitment to the sameness among entities or individuals at the ontological
level, although at first glance it appears to be a much more relaxed version of classical
essentialism.

4.4 Summary

Our mathematical interpretation of the individualist and HPC kind views highlights
a sharp contrast between them; the former highlights the ordered set-like aspect of
homology, while the latter emphasizes its groupoid-like aspect instead. Nevertheless,
both mathematical models are deduced from the category theory. This implies that
they share a common mathematical basis but emphasize different facets of homology. If
that is the case, is it possible to conciliate them for establishing an integrated theory?
To accomplish this, the key is incorporating the processual and dynamical aspect of
homology and admitting categorization as a natural kind without strong ontological
commitment to the essence or its proxies such as basal mechanisms.

5 New alternative views of the homology concept

To overcome the dichotomy between the individualist and natural kind views, two
new conceptions of homology have recently been proposed (Otsuka 2017; Suzuki and
Tanaka 2017). They both aim to avoid essentialistic ontological commitments but
instead highlight the processual and dynamical aspect of homology, thereby providing
a conceptual basis to establish a new mathematical formulation of homology.

First, Suzuki and Tanaka (2017) take a phenomenological minimalist attitude and
propose that homologs can be defined as persistently reproducible modules (PRMSs).
They suggest that homologs are persistently and repeatedly generated in both evolu-
tionary and developmental processes. For example, the right forelimbs of a tetrapod
species are consistently formed from generation to generation. Furthermore, a newt
can regenerate its appendages, meaning that homologous structures can be repeatedly
produced in development.

According to Suzuki and Tanaka (2017), homologs certainly show individualist-like
features such as spatial restriction and engagement in temporal processes. Neverthe-
less, non-individualist-like features are also found; strictly speaking, homologs are
not continuous either spatiotemporally or genetically because they are formed and
destroyed in each generation without transmitting any genetic information. At the
same time, the authors point out a kind-like feature in homology because persistent
reproducibility of homologs enables us to inductive generalization. However, they do
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not assume any essence or its proxies behind the persistent reproducibility, keeping a
distance from the natural kind view.

Concurrently, Otsuka (2017) proposed another concept of homology employing
the causal graph theory, in which homology is defined as an isomorphism of causal
subgraphs over lineages. His mathematical formulation is as follows (Otsuka 2017, pp.
1130-1131).

Let G(a) be a causal graph representing a particular developmental mechanism of an
individual organism a. Collectively, G(A) is a set of the relevant causal structures for a
set of organisms A. We assume usual ancestor/descendant relationships over organisms. If
b is an ancestor of a, the lineage between b and a is the set of every individual between
them. Given this setup the causal homology is defined as follows.

For two sets of organisms A, B, let G’ be a subgraph of all g € G(A), and G” be a
subgraph of all g € G(B). Then G and G” are homologous iff

1. G’ ~ G” (here ‘~’ means isomorphism);

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

3. for every d in all the lineages from C to A and C to B, G(d) has a subgraph G"”
such that G ~ G' ~ G".

With this formulation, Otsuka (2017, p. 1134) argues that a homolog to concrete
organs stands not as a universal to particulars in instantiation, nor as a whole to parts
in mereological relationship, but rather as a model to phenomena to be modeled in
representation. He also advocates the superiority over his account to the HPC theory,
pointing out the boundary problem involved in the latter (Otsuka 2017, p. 1135).

In summary, both Suzuki and Tanaka (2017) and Otsuka (2017) attempt to over-
come the dichotomy between the individualist and natural kind views, in pursuit of
a third alternative. They aim to avoid strong ontological commitment to individuals
or universals and instead take a phenomenological or representational stance. In this
sense, they are oriented in the same direction.

Nevertheless, the PRM view by Suzuki and Tanaka (2017) is too conceptual and
lacks mathematical formulation. In contrast, the causal graph theory by Otsuka (2017)
is well established. However, his theory encounters the same pitfall as the HPC natu-
ral kind view in considering the two thought experiments described in Section 3. Let
us interpret characters a, b, ¢, ... in Fig. 1 and 2 as subgraphs instead of proper-
ties. In the case of the “decrease of shared properties,” for example, the isomorphic
causal subgraphs become smaller as the number of shared properties decreases among
lineages. Furthermore, in the case of the “gradual but complete replacement of proper-
ties,” there is no isomorphic causal graph when properties of homologs are completely
replaced.

These thought experiments reveal an inconspicuous similarity between the causal
graph and HPC theories; commitment to stable causal/mechanistic structures behind
phenomena, defined as isomorphic causal subgraphs and basal mechanisms, respec-
tively. In discussing DSD, Otsuka (2017, p. 1136) argues that the drift in genetic or cell
materials may not alter topological features of the causal network, that an abstract
description of the causal structures buffers the changes in drift, and that a partial cor-
respondence in subgraphs suffices to establish a homology relationship. Nevertheless,
the subgraphs for defining a set of homologs are required to remain constant.
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Instead, we propose that we should place more emphasis on dynamic changes.
Since evolution and development are dynamic processes in nature, we may miss the
key aspect of homology if we discount it. In this regard, the PRM view appears
more suitable for the basis of our new mathematical formulation because it is more
process-oriented.

6 Mathematical formulation of the process-oriented
homology views in terms of the category theory

Now, we present a new mathematical formulation of homology based on the PRM view
proposed by Suzuki and Tanaka (2017). This can be accomplished by generalization
and extension of the causal graph model by Otsuka (2017), considering free categories
of graphs at a higher level with lower-level causal graphs (here representing individual
organisms) as vertices, representing evolutionary changes among generations.

A

G, Gg Ge

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 H9 and
AH, 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 H9 and AHY, respectively.

First, we consider a pair (G4, Ha) of the graph G 4, representing an entire network
of morphological characters or developmental mechanisms of an individual organism
A, and its subgraph H 4 of interest as a vertex of the “meta-level” graph as described
below. This means that the correspondence of the homologs is interpreted as meta-
level intergenerational relationship (the dashed lines in Fig. 4), where these homologs
are defined as subgraphs of individulas-as-entire-networks. Here, subgraph H 4 is the
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union® of the subgraph Hq of the homology of interest® and its “fringe” AHY; the
latter denotes a directed graph consisting of the vertices that are not in H9 but directly
connected to the vertices of H9, as well as the edges between them.

The reason why we need to consider the fringe or AH¢ is that, in discussions of
homology, it is essential to consider the part H9 “within the whole,” especially in
relation to its fringe (the principle of connections, introduced by Geoffroy Saint-Hilaire
1980; see also Russel 1916; Hall 1994).

To make a meta-level directed graph, let us draw an edge from (Ga,H,) to
(Gp,Hp) whenever A is a biological parent to B, and H4 and Hp are isomorphic.
Furthermore, we have a symmetric graph by adding a “child to parent” edge e* :
(Gp,Hp) — (Ga,Ha) to each “parent to child” edge e : (Ga,Ha) — (Gp, Hp).
By considering e** = e, the operator * means an “involution” on edges. Let us write
this symmetric graph as I'.

For any graph Q = (V, Eg), where elements of Vo and Eg are called vertices
and edges of @), respectively, we can construct a category called the “free cate-
gory” C(Q) of @, whose objects and arrows are vertices and “paths” (simply put, a
coherent sequence of directed edges), respectively. Here a path means a tuple (finite
series) of vertices and edges (vn,€n,Vn—1,€n—1, - ,€1,00) that satisfies the condi-
tion s(e,) = vnp-1,t(e,) = wv,, where s(e) and t(e) denote the source (starting
point) of e and target (endpoint) of e, respectively. The composition of the two paths
(vh,envh 1, el v)) and (Vn, en,Vp_1,- - ,€1,v0) such that v, = v is defined as
concatenation:

(U;mefln)' o 76117’06) o (vn,en, T 56177)0) = (v;l,e’n,v;hl, e 7’()(/)(: U’n>7en7 o '617U0)~

The free category C(Q) becomes a dagger category when @ is symmetric. Specifi-
cally, our meta-level symmetric graph ' equipped with the operation *, C'(T") becomes
a dagger category with

('Unaen7vn—1 ce 7111,6171)0)T = (U07 (61)*,1117"' y Un—1, (en)*7vn)~

We suggest that this C(Q) denotes the homologous relationship. This formulation
can be regarded as an generalized version of Otsuka (2017)’s causal model in the
sense that it does not require any set of characters shared in all homologs; what it
needs is just the isomorphism between each parent and child. As an example, let us
consider a lineage of biological individuals A, B, C, and D, where any parent-child pair
shows isomorphic relationships: (G4, Ha) <— (Gp,Hp), (Gp,Hp) «— (Gc, He),
and (Ge, Ho) «— (Gp, Hp). Then, we can construct C(I') for (G4, Ha), (Gg, Hp),
(Ge,He), and (Gp, Hp), whether or not there is a set of properties shared in all these
homologs of interest.

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.
An important point here is that the scope of Hj 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 newt
A, the entire network of morphological characters (or developmental mechanisms)
and its subgraph around the hindlimb are denoted as a pair (G4, H4). In the same
way, the corresponding graphs and subgraphs of offsprings are described as (Gg, Hg),
(Ge,He), ..., respectively, from generation to generation. Precisely, Ha, Hp, ... are
the union of the subgraphs of the hindlimb itself H, Hg, ..., and their fringe AHq,
AH%, .... The vertebrate hindlimb articulates to the pelvic girdle, which consists of
the pubis, ischium, and ilium. Thus, the fringe can be regarded as this connection
between the hindlimb and the pelvic girdle (Fig. 2B). Without considering this con-
nection, we cannot judge confidently whether it is a forelimb or a hindlimb. This is
why we need to consider the fringe of homologs, although other ways of application
are also possible (e.g., to focus on the developmental mechanisms instead; Fig. 2D).
Finally, the intergenerational (i.e. evolutionary) conservation, or homology, of this
relationship is then represented as C(I').

In a similar way, our model can cover the homological relationship between the
hindlimbs of the identical biological individual before and after the regeneration. The
fringe in morphological connections here is to be the same as in the intergenerational
homology, but that in developmental mechanisms should be different because the
regenerative mechanisms are not the same as the developmental mechanisms for the
same organ (Aztekin 2024). This suggests that it is better to interpret (Gx,Hx)
as a network of morphological characters, instead of developmental mechanisms, for
describing regeneration of homological organs.

Moreover, we can consider homology of the different parts in the same biological
individual (iterative or serial homology), if we assume different subgraphs Hx, H,
HY, ..., in the same graph Gx. Let us consider the case of left and right hindlimbs (in
short, Lh and Rh, respectively) of a newt; these two symmetrical organs show the same
morphological characteristics based on the same developmental mechanisms, except
for the difference due to their bilateral symmetricity. Here, we can assume bilateral
edges between these two organs, (Gx, H&") and (Gx, HE"), and thus C(I), although
they have no historical continuity in a strict sense.

It is also notable that homologs can be differently marked out depending on the
level of abstraction. Atavism may well illustrate this point (see also Suzuki and Tanaka
2017, p. 177). For example, adult whales usually lack hindlimbs but their embryos show
hindlimb buds temporarily at some period in development. Imagine that a mutant
whale accidentally has a pair of hindlimbs in adulthood, as actually reported (Andrews
1921; Ogawa and Kamiya. 1957; Ohsumi and Kato 2008). Here, our model can be
applied to this case in two different ways as follows.

If we assume (Gx,Hx) as an entire network of adult morphological characters
and its subgraph, respectively, then the “new” hindlimb can be interpreted as a novel
structure, because it lacks “child to parent” and “parent to child” edges as the parents
of the whale have no hindlimb in adulthood.”

Thus, it appears better to focus on development here. By regarding (Gx, Hx) as an
entire causal network of developmental mechanisms and its subgraph, respectively, we

7Still, we may construct somewhat “weak” C(T") 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(I") of this “new” hindlimb and those of ancestral tetrapods
with respect to the conserved developmental mechanisms.

This equivocality of interpretation actually reflects the practice of biologists; an
atavistic hindlimb of a whale can be interpreted not only as a somewhat novel structure
but also as a true homolog of ancestral hindlimb.

The dorsal fin is a good example that forms a contrast to the case of the hindlimb.
The similarity of the dorsal fin between fishes and cetaceans (whales, dolphins, and
porpoises) is the result of convergent evolution,® thus it is homoplasy. Despite their
seemingly resemblance in appearance, the internal morphology and relationship to
the remaining body are totally different: the fish dorsal fin contains skeletal fin rays
associated with basal skeletal elements called pterygiophore, while cetacean dorsal fin
lacks either these bones or even muscles but instead consists of fibrous connective
tissues (Huggenberger et al. 2019). Therefore, no C(I') can be constructed based on
morphology. Although it is perhaps possible that certain developmental mechanisms
are commonly involved (e.g., Fgf signaling pathway for outgrowth formation; see Abe
et al. 2007), it will not exceed the level of deep homology (see below).

The level of abstraction also matters in a more practical situation, when we
discuss homology in various levels in the biological hierarchy such as genes, cells,
developmental processes, morphological structures, and behaviors.

Notably, non-homologous organs often share some parts of their developmental
mechanisms, known as deep homology (Shubin et al. 1997, 2009). For example, the
tetrapod limbs and the insect appendages involve shared patterning genes, Shh/Hh
and Dlz/DIl (Held 2017). In this case, if we take the pair (Gx, Hx) for morphological
characters, no C(I") can be constructed because there is no shared subgraph at the level
of morphological characters. If we regard that it represents developmental networks,
on the other hand, Gx will denote a small but insufficient subgraph (a portion of
developmental mechanisms at a “deeper” level) to represent a homolog of interest.

In the opposite case, homologous morphological characters can be formed through
distinct developmental mechanisms (DSD; see Sect. 2.3). Similarly, it is reported that
homologous behaviors are generated by distinct neuronal networks (Newcomb et al.
2012; Sakurai and Katz 2017). Ereshefsky (2009, p. 226) described these phenomena as
hierarchical disconnect. Our model can be easily applied to these situations by taking
(Gx,Hx) at the level of character itself. In the case of DSD, for example, we can
construct C(I") for morphological characters even if the developmental mechanisms
for homologs have been changed.

Our model is compatible with the concept of character identity mechanisms (ChIM)
proposed by DiFrisco et al. (2020). In their framework, ChIMs are defined as cohe-
sive mechanisms with a recognizable causal profile that allows them to be traced
through evolution as homologs despite having a diverse etiological organization. If this
assumption is granted, we can apply our model to a ChIM as H$ associated with the
input signals and output realizer mechanisms as its fringe (AH$) in the entire sets of
mechanisms for generating the entire body (Gx).

In addition, both the individualist and HPC natural kind views can be derived
from our model. First, it respects the lineage between organisms, representing the

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, it
has the structure of a dagger category, which is a generalization of groupoids. Thus,
C(T') encompasses the HPC natural kind view. In addition, if we regard the fringe of
the homolog of interest as the mechanisms that generate the homolog, the concept of
the basal mechanisms can be incorporated into our model without strong commitment
to the sameness at the ontology level behind the phenomena. At the same time, the
point that our model does not have such ontological commitment strikingly illustrates
how our model differs from the HPC view. We will further discuss this point as well
as biological implications in the next section.

To summarize, we demonstrated that homology can be mathematically formulated
in the framework of the free category C'(I'). Our model serves as the basis for homology,
consistent with various extreme cases such as atavism, deep homology, and DSD. Also,
is has both ordered set-like and groupoid-like aspects, which are highlighted by the
individualist and the HPC natural kind views, respectively.

7 Biological and philosophical implications

7.1 Biological implications

With our model, we intended to explain homology, a special form of the sameness of
biological characters. Nevertheless, it may also be applied to other sameness in biology
including biological individuals, species, and animal consciousness. Perhaps we need
separate papers to discuss these topics in enough detail, so we just draw rough sketches
here.

First, a biological individual organism A can be regarded C(I") of a diachronic series
of monoids (cf. Hirota et al. 2023), by assuming H 4 as the entire G4 (here, HG = Hx
and AHY = @). A monoid in category theory is defined as a category with only one
object, meaning that all arrows start from and terminate at the single object (as both
domain and codomain). Hirota et al. (2023) suggest that the autonomous self can be
interpreted as a monoid or a “hub” through which various self-mediating processes
(represented as allows) are mediated. This interpretation enables us to understand why
we recognize an individual as an individual, even if the “constituents” of a biological
individual are constantly replaced (cf. the “Ship of Theseus” paradox).

Second, a species A at a generation ¢ can be represented as H 4;, which is a subgraph
of Gror, the entire genetic network of life (i.e., the “Tree of Life”). In other words, a
species can be regarded as a trans-generational interbreeding network of a population
and the Tree of Life is a tree-structured collection of these species as its branches.
Thus, Ha; is a time-section of a species A as a branch at generation i. A species
is most commonly defined as a group of organisms that can successfully interbreed
and produce fertile offspring (the biological species concept), although there are other
different species concepts (Ereshefsky 2002/2022). For example, all living dogs and
wolves belong to the same species Canis lupus and have a potential to have a fertile pup
by mating. In this definition, a species is characterized as a series of transgenerational
gene pools (here, a gene pool means the total collection of genes shared by biological
individuals in an interbreeding population at a specific generation).

24



843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

Generation to generation, the contents of a gene pool changes constantly by muta-
tion, selection, genetic drift, and so on. If we consider H 4; and the same gene pool
at the next generation H,;, we obtain an isomorphic subgraph Hj; ~ Hj; based on
the shared portion of the gene pool Ha; N Hyj. Then, we can construct C(I") that
represents genetic continuity of the gene pool through generations.

In contrast, different species (i.e., different gene pools) A and B at a specific
generation n have no gene flow between each other, thus no C(I') can be constructed
between H 4, and Hp,. Still, they evolutionary share common ancestry because all
known organisms have a single origin. In this regard, we can assume ‘indirect’ C(I") via
their common ancestor H(4,py, at a past generation m; they were the same species
at that time after all.

Just as the case of homology we have already shown, our model thereby disentan-
gles the species problem whether a species is an ontological individual or a natural
kind.

Last, our model may be applicable to animal consciousness. Recently, more and
more authors discuss the evolution of consciousness (e.g., Feinberg and Mallatt 2016,
2018; Ginsburg and Jablonka 2019; Ota et al. 2022; Suzuki 2021, 2022a, 2022b; Veit
2023). Homology is a key question here; for example, are vertebrate and cephalopod
consciousness is homologous? If we accept that consciousness is an evolutionary entity
generated in specific biological individuals (see also Suzuki 2022a; Suzuki and Tanaka
2017), consciousness of an animal A can be characterized as H4 in the same way as
other homologs.

Interestingly, the hierarchical disconnect can also be found in the homology of con-
sciousness (Ota et al. 2022). Feinberg and Mallatt (2016, pp. 118-125) suggested that
the “end site” of the vertebrate sensory consciousness was shifted from the midbrain
tectum to the forebrain pallium in mammals and birds independently. If it is true, the
neural substrates for homologous consciousness were changed during the evolution of
these lineages in a similar manner to the DSD. As our model can encompass the cases
of the hierarchical disconnect, it provides a powerful conceptual platform for animal
consciousness research.

7.2 Philosophical implications

We have shown that homologs have both individual-like and natural kind-like aspects.
Are they irregular ontological entities? On the contrary, we suggest that the canonical
“individuals” and “classes” are special cases. An ontological individual is defined as
a highly static diachronic series of monoids (Hirota et al. 2023), as is the case in a
biological individual organism. On the other hand, a class is C[X] that is constructed
from isomorphism of properties Ha, Hg, Hc, ..., in distinct ontological individuals
Ga,Gp,Gg, ..., without considering genealogical interconnections.

This idea further leads us to reform of ontology, with emphasis not on static ele-
ments or “things” but more on dynamic processes and causal networks. The category
theory is a powerful tool to explore this idea. Whereas the set theory regards elements
as fundamental factors, the category theory is based on arrows and even elements can
be interpreted as arrows. This arrow-first mathematics has strong affinity for modeling
dynamical changes of causal networks; a causal network at a time point is represented
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as a directional graph composed of arrows, and its diachronic changes are described
as “morphisms between categories” such as functors.

An important point here is that the causality in these networks is not necessar-
ily deterministic or mechanistic. As discussed in Section 2.3, biological processes are
causal but not deterministic because they are inherently stochastic. For describing
such non-deterministic causation, we may employ the concept of the “enabling rela-
tion”, which means “X enables Y” or “without X, there would be no Y” relationship
(De Jaegher et al. 2010; Hirota et al. 2023). Category theory is a powerful tool to
represent such kind of causation.

Philosophically, the dichotomy between individuals and kinds has long been taken
as a given. However, our analysis opens a new horizon for going beyond this dis-
junction. We suggest that individuals and kinds are derived aspects of other entities,
namely, processes. In fact, such process-first ontology has been promoted by some
philosophers of biology (Dupré 2012; Nicholson and Dupré 2018). These philosophical
analyses of biological entities, including the present study on homology, may provide a
crucial viewpoint to reconsider traditional (especially, Western) philosophical dogmas.

8 Conclusion

In the present study, we attempted to establish an unified perspective on the onto-
logical nature of homology. Through mathematical formulation, we showed that both
individual-like and natural kind-like features of homologs can be derived from a
process-first ontology based on the category theory. Our model are applicable to a
wide range of phenomena linked with homology, such as atavism, deep homology, and
DSD. Furthermore, we propose that our analysis leads to the process-first ontology,
overcoming the longstanding dichotomy between individusls and kinds in Western
philosophy.

Acknowledgements

We thank Dr. Jun Otsuka for his valuable comments on the manuscript.

Funding
This work was supported by the Japan Society for the Promotion of Science (JSPS)

under Grant Number JP24H01538 (to D.G.S.), and JP23H04830 and JP23K25296 (to
H.S.).

Data Availability

This is not applicable to this article as no datasets were generated or analyzed during
the current study.

26



921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

Declarations

Conflict of interest

The authors have no Conflict of interest to declare.

References

Abe G, Ide H, Tamura K (2007). Function of fgf signaling in the developmental
process of the median fin fold in zebrafish. Dev Biol 304(1):355-366. https://
doi.org/https://doi.org/10.1016 /j.ydbio.2006.12.040

Andrews RC (1921). A remarkable case of external hind limbs in a humpback whale.
Am Mus Novit 9:1-6.

Aristotle (1966). Aristotle’s Categories and De interpretatione (Ackrill JL, Trans.).
Clarendon Press

Assis L, Brigandt I (2009). Homology: Homeostatic property cluster kinds in
systematics and evolution. Evol Biol 36:248-255.  https://doi.org/10.1007/
$11692-009-9054-y

Aztekin C (2024). Mechanisms of regeneration: to what extent do they recapitulate
development? Development 151(14):dev202541. https://doi.org/10.1242/dev
.202541

Beatty J (1997). Why do biologists argue like they do? Philos Sci 64(4):443. https://
doi.org/10.1086,/392620

Bird A, Tobin E (2008/2024). Natural kinds. In: Zalta EN, Nodelman U (eds)
The stanford encyclopedia of philosophy (Spring 2024 Edition). https://plato
.stanford.edu/archives/spr2024/entries /natural-kinds/

Boyd R (1991). Realism, anti-foundationalism and the enthusiasm for natural kinds.
Philos Stud 61(1-2):127-148. https://doi.org/10.1007/bf00385837

Boyd R (1999). Homeostasis, species, and higher taxa. In: Wilson RA (ed) Species:
New interdisciplinary essays. MIT Press, Cambridge, MA, pp 141-85. https://
doi.org/10.7551 /mitpress,/6396.003.0012

Brigandt I (2009). Natural kinds in evolution and systematics: Metaphysical and
epistemological considerations. Acta Biotheor 57(1-2):77-97. https://doi.org/
10.1007/s10441-008-9056-7

Craver CF (2009). Mechanisms and natural kinds. Philos Psychol 22(5):575-594.
https://doi.org/10.1080/09515080903238930

Darwin C (1859). On the origin of species. John Murray, London

27


https://doi.org/https://doi.org/10.1016/j.ydbio.2006.12.040
https://doi.org/https://doi.org/10.1016/j.ydbio.2006.12.040
https://doi.org/https://doi.org/10.1016/j.ydbio.2006.12.040
https://doi.org/10.1007/s11692-009-9054-y
https://doi.org/10.1007/s11692-009-9054-y
https://doi.org/10.1007/s11692-009-9054-y
https://doi.org/10.1242/dev.202541
https://doi.org/10.1242/dev.202541
https://doi.org/10.1242/dev.202541
https://doi.org/10.1086/392620
https://doi.org/10.1086/392620
https://doi.org/10.1086/392620
https://plato.stanford.edu/archives/spr2024/entries/natural-kinds/
https://plato.stanford.edu/archives/spr2024/entries/natural-kinds/
https://plato.stanford.edu/archives/spr2024/entries/natural-kinds/
https://doi.org/10.1007/bf00385837
https://doi.org/10.7551/mitpress/6396.003.0012
https://doi.org/10.7551/mitpress/6396.003.0012
https://doi.org/10.7551/mitpress/6396.003.0012
https://doi.org/10.1007/s10441-008-9056-7
https://doi.org/10.1007/s10441-008-9056-7
https://doi.org/10.1007/s10441-008-9056-7
https://doi.org/10.1080/09515080903238930

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

De Jaegher H, Di Paolo E, Gallagher S (2010). Can social interaction constitute
social cognition? Trends in Cognitive Sciences 14(10):441-447. https://doi.org/
10.1016/j.tics.2010.06.009

de Beer G (1971). Homology: an unsolved problem. Oxford University Press, London

de Queiroz K (1995). The definitions of species and clade names: A reply to Ghiselin.
Biol Philos 10:223-228. https://doi.org/10.1007/BF00852247

DiFrisco J, Jaeger J (2019). Beyond networks: mechanism and process in evo-devo.
Biol Phil 34:54. https://doi.org/10.1007/s10539-019-9716-9

DiFrisco J, Love AC, Wagner GP (2020). Character identity mechanisms: A conceptual
model for comparative-mechanistic biology. Biol Philos 35(4):1-32. https://
doi.org/10.1007/s10539-020-09762-2

Dupré J (2012). Processes of life : essays in the philosophy of biology. Oxford
University Press

Ereshefsky M (2002/2022). Species. In: Zalta EN (ed) The stanford encyclope-
dia of philosophy (Summer 2022 Edition). https://plato.stanford.edu/archives/
sum?2022/entries/species/

Ereshefsky M (2009). Homology: integrating phylogeny and development. Biol
Theor 4:225-229. https://doi.org/10.1162/biot.2009.4.3.225

Ereshefsky M (2010). What’s wrong with the new biological essentialism. Philos
Sci 77(5):674-685. https://doi.org/10.1086,/656545

Feinberg TE, Mallatt JM (2016). The ancient origins of consciousness: How the brain
created experience. MIT Press, Cambridge, MA

Feinberg TE, Mallatt JM (2018). Consciousness demystified. MIT Press, Cambridge,
MA

Ghiselin MT (1997). Metaphysics and the origin of species. State University of New
York Press, Albany

Ghiselin MT (2005). Homology as a relation of correspondence between parts of
individualst. Theor Biosci 124:91-103. https://doi.org/10.1007/BF02814478

Ginsburg S, Jablonka E (2019). The evolution of the sensitive soul. MIT Press,
Cambridge, MA

Griffiths PE (1999). Squaring the circle: Natural kinds with historical essences. In:
Wilson RA (ed) Species: New interdisciplinary essays. MIT Press, Cambridge,
MA, pp 209-228. https://doi.org/10.7551 /mitpress/6396.003.0014

28


https://doi.org/10.1016/j.tics.2010.06.009
https://doi.org/10.1016/j.tics.2010.06.009
https://doi.org/10.1016/j.tics.2010.06.009
https://doi.org/10.1007/BF00852247
https://doi.org/10.1007/s10539-019-9716-9
https://doi.org/10.1007/s10539-020-09762-2
https://doi.org/10.1007/s10539-020-09762-2
https://doi.org/10.1007/s10539-020-09762-2
https://plato.stanford.edu/archives/sum2022/entries/species/
https://plato.stanford.edu/archives/sum2022/entries/species/
https://plato.stanford.edu/archives/sum2022/entries/species/
https://doi.org/10.1162/biot.2009.4.3.225
https://doi.org/10.1086/656545
https://doi.org/10.1007/BF02814478
https://doi.org/10.7551/mitpress/6396.003.0014

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

Haag ES, True JR (2021). Developmental system drift. In: Nufio de la Rosa
L, Miiller GB (eds) Evolutionary developmental biology: A reference guide.
Springer International Publishing, Cham, pp 99-110. https://doi.org/10.1007/
978-3-319-32979-6_83

Hall B (ed). (1994). Homology: the hierarchical basis of comparative biology. Academic
Press, San Diego

Hall B (ed). (1999). Homology. Academic Press, New York

Held LI, Jr (2017). Limbs. Deep homology?: Uncanny similarities of humans and flies
uncovered by evo-devo. , p 113--126. https://doi.org/10.1017/9781316550175
.009

Hirota R, Saigo H, Taguchi S (2023). Reformalizing the notion of autonomy as
closure through category theory as an arrow-first mathematics. Proceedings of
the ALIFE 2023:99. https://doi.org/10.1162/isal_a_00627

Huggenberger S, Oelschlidger HA, Cozzi B, Centelleghe C, Banzato T, Demma M, ...
Gorter U (2019). Atlas of the anatomy of dolphins and whales. Academic Press

Jin L, Wu J, Bellusci S, Zhang JS (2019). Fibroblast growth factor 10 and
vertebrate limb development. Front Genet 9:705.  https://doi.org/10.3389/
fgene.2018.00705

Khalidi MA (2018). Natural kinds as nodes in causal networks. Synthese 195(4):1379—
1396. https://doi.org/10.1007/s11229-015-0841-y

Klima G (2000/2022). The medieval problem of universals. In: Zalta EN (ed) The stan-
ford encyclopedia of philosophy (Spring 2022 Edition). https://plato.stanford
.edu/archives/spr2022/entries/universals-medieval /

Kment B (2010). Causation: Determination and difference-making. Notis 44(1):80—
111. https://doi.org/10.1111/j.1468-0068.2009.00732.x

Kornblith H (1993). Inductive inference and its natural ground. MIT Press,
Cambridge, MA

Kripke SA (1980). Naming and necessity. Harvard University Press

Lankester E (1870). On the use of term homology in modern zoology, and the
distinction between homogenetic and homoplastic agreements. Ann Mag Nat
His 6:34-43. https://doi.org/10.1080/00222937008696201

LaPorte J (2003). Natural kinds and conceptual change. Cambridge University Press,
Cambridge. https://doi.org/10.1017/CB09780511527319

Locke J (1689/1690). An essay concerning humane understanding. Thomas Basset,

29


https://doi.org/10.1007/978-3-319-32979-6_83
https://doi.org/10.1007/978-3-319-32979-6_83
https://doi.org/10.1007/978-3-319-32979-6_83
https://doi.org/10.1017/9781316550175.009
https://doi.org/10.1017/9781316550175.009
https://doi.org/10.1017/9781316550175.009
https://doi.org/10.1162/isal_a_00627
https://doi.org/10.3389/fgene.2018.00705
https://doi.org/10.3389/fgene.2018.00705
https://doi.org/10.3389/fgene.2018.00705
https://doi.org/10.1007/s11229-015-0841-y
https://plato.stanford.edu/archives/spr2022/entries/universals-medieval/
https://plato.stanford.edu/archives/spr2022/entries/universals-medieval/
https://plato.stanford.edu/archives/spr2022/entries/universals-medieval/
https://doi.org/10.1111/j.1468-0068.2009.00732.x
https://doi.org/10.1080/00222937008696201
https://doi.org/10.1017/CBO9780511527319

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

London

Love AC (2008). Typology reconfigured: From the metaphysics of essentialism to the
epistemology of representation. Acta Biotheor 57(1-2):51-75. https://doi.org/
10.1007/s10441-008-9059-4

McColgan DiFrisco J (2024). Understanding developmental system drift. Develop-
ment 151(20):dev203054. https://doi.org/10.1242/dev.203054

Miiller G (2003). Homology: the evolution of morphological organization. In: Miiller
G, SA N (eds) Origination of organismal form: beyond the gene in developmental
and evolutionary biology. MIT Press, LCambridge, pp 51-69

Newcomb JM, Sakurai A, Lillvis JL, Gunaratne CA, Katz PS (2012). Homology
and homoplasy of swimming behaviors and neural circuits in the Nudipleura
(Mollusca, Gastropoda, Opisthobranchia). Proc Natl Acad Sci USA 109(supple-
ment_1):10669-10676. https://doi.org/10.1073/pnas.1201877109

Nicholson DJ, Dupré J (2018). Everything flows: towards a processual philosophy of
biology. Oxford University Press

Ogawa T, Kamiya. T (1957). A case of the cachalot with protruded rudimentary hind
limbs. Sci Rep Whales Res Inst 12:197-208.

Ohsumi S, Kato H (2008). A bottlenose dolphin (Tursiops truncatus) with fin-shaped
hind appendages. Mar Mammal Sci 24(3):743-745. https://doi.org/10.1111/
j-1748-7692.2008.00202.x

Okasha S (2002). Darwinian metaphysics: Species and the question of essentialism.
Synthese 131(2):191-213. https://doi.org/10.1023/a:1015731831011

Onishi Y, Serpico D (2021). Homeostatic property cluster theory without homeostatic
mechanisms: Two recent attempts and their costs. J Gen Philos Sci(1):61-82.
https://doi.org,/10.1007/s10838-020-09527-1

Ota K, Suzuki DG, Tanaka S (2022). Phylogenetic distribution and trajectories of
visual consciousness: Examining feinberg and mallatt?s neurobiological natural-
ism. Journal for General Philosophy of Science 53(4) https://doi.org/10.1007/
$10838-021-09591-1

Otsuka J (2017). The causal homology concept. Philos Sci 84(5):1128-1139. https://
doi.org/10.1086,/694038

Owen R (1843). Lectures on the comparative anatomy and physiology of the
invertebrate animals. Longman, Brown, Green, and Longmans, London

Owen R (1849). On the nature of limbs. John van Voorst, London

30


https://doi.org/10.1007/s10441-008-9059-4
https://doi.org/10.1007/s10441-008-9059-4
https://doi.org/10.1007/s10441-008-9059-4
https://doi.org/10.1242/dev.203054
https://doi.org/10.1073/pnas.1201877109
https://doi.org/10.1111/j.1748-7692.2008.00202.x
https://doi.org/10.1111/j.1748-7692.2008.00202.x
https://doi.org/10.1111/j.1748-7692.2008.00202.x
https://doi.org/10.1023/a:1015731831011
https://doi.org/10.1007/s10838-020-09527-1
https://doi.org/10.1007/s10838-021-09591-1
https://doi.org/10.1007/s10838-021-09591-1
https://doi.org/10.1007/s10838-021-09591-1
https://doi.org/10.1086/694038
https://doi.org/10.1086/694038
https://doi.org/10.1086/694038

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

Parke EC, Plutynski A (2020). What is the nature of theories and models in biol-
ogy? In: Kampourakis K, Uller T (eds) Philosophy of science for biologists.
Cambridge University Press, Cambridge, pp 55-78. https://doi.org/10.1017/
9781108648981.005

Peel CA, A., Akam M (2005). Arthropod segmentation: beyond the drosophila
paradigm. Nat Rev Genet 6:905—916. https://doi.org/10.1038/nrgl724

Putnam H (1975). Mind, language, and reality. Cambridge University Press
Quine WV (1969). Ontological relativity and other essays. Columbia University Press

Saigo H (2021). Quantum fields as category algebras. Symmetry 13(9):1727. https://
doi.org/10.3390/sym13091727

Sakurai A, Katz PS  (2017). Artificial synaptic rewiring demonstrates that
distinct neural circuit configurations underlie homologous behaviors. Curr
Biol 27(12):1721-1734.€3.  https://doi.org/https://doi.org/10.1016/j.cub.2017
.05.016

Shubin N, Tabin C, Carroll S (1997). Fossils, genes and the evolution of animal limbs.
Nature 388:639--648. https://doi.org/10.1038/41710

Shubin N, Tabin C, Carroll S (2009). Deep homology and the origins of evolutionary
novelty. Nature 457:818-823. https://doi.org/10.1038 /nature07891

Slater MH (2015). Natural kindness. Br J Philos Sci 66(2):375-411. https://doi.org/
10.1093/bjps/axt033

Spemann H (1915). Geschichte und Kritik des Begriffs der Homologie. In: Chun C,
Johannsen W (eds) Allgemeine Biologie. B.G. Teubner, Leipzig und Berlin, pp
63-85

Suzuki DG (2021). Homology thinking reconciles the conceptual conflict between
typological and population thinking. Biol Philos 36:23. https://doi.org/10.1007/
$10539-021-09800-7

Suzuki DG (2022a). The anthropic principle for the evolutionary biology of
consciousness: Beyond anthropocentrism and anthropomorphism. Biosemi-
otics 15(1):171-186. https://doi.org/10.1007/s12304-022-09474-y

Suzuki DG (2022b). A general model of and lineage-specific ground plans for animal
consciousness. Annals of the Japan Association for Philosophy of Science 31:5—
29. https://doi.org/10.4288/jafpos.31.0_5

Suzuki DG, Tanaka S (2017). A phenomenological and dynamic view of homol-

ogy: Homologs as persistently reproducible modules. Biol Theor 12(3):169-180.
https://doi.org/10.1007/s13752-017-0265-7

31


https://doi.org/10.1017/9781108648981.005
https://doi.org/10.1017/9781108648981.005
https://doi.org/10.1017/9781108648981.005
https://doi.org/10.1038/nrg1724
https://doi.org/10.3390/sym13091727
https://doi.org/10.3390/sym13091727
https://doi.org/10.3390/sym13091727
https://doi.org/https://doi.org/10.1016/j.cub.2017.05.016
https://doi.org/https://doi.org/10.1016/j.cub.2017.05.016
https://doi.org/https://doi.org/10.1016/j.cub.2017.05.016
https://doi.org/10.1038/41710
https://doi.org/10.1038/nature07891
https://doi.org/10.1093/bjps/axt033
https://doi.org/10.1093/bjps/axt033
https://doi.org/10.1093/bjps/axt033
https://doi.org/10.1007/s10539-021-09800-7
https://doi.org/10.1007/s10539-021-09800-7
https://doi.org/10.1007/s10539-021-09800-7
https://doi.org/10.1007/s12304-022-09474-y
https://doi.org/10.4288/jafpos.31.0_5
https://doi.org/10.1007/s13752-017-0265-7

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

True JR, Haag ES (2001). Developmental system drift and flexibility in evolutionary
trajectories. Evol Dev 3(2):109-119. https://doi.org/https://doi.org/10.1046/
j-1525-142x.2001.003002109.x

Veit W (2023). A philosophy for the science of animal consciousness. Routledge, New
York

Waddington CH (1953). Genetic assimilation of an acquired character. Evolu-
tion 7(2):118-126. https://doi.org/doi.org/10.2307/2405747

Wagner GP (1989). The biological homology concept. Annu Rev Ecol Syst 21:51-69.
https://doi.org/10.1146 /annurev.es.20.110189.000411

Wagner GP (2016). What is “homology thinking” and what is it for? Journal of
Experimental Zoology Part B: Molecular and Developmental Evolution 326(1):3—
8. https://doi.org/https://doi.org/10.1002/jez.b.22656

32


https://doi.org/https://doi.org/10.1046/j.1525-142x.2001.003002109.x
https://doi.org/https://doi.org/10.1046/j.1525-142x.2001.003002109.x
https://doi.org/https://doi.org/10.1046/j.1525-142x.2001.003002109.x
https://doi.org/doi.org/10.2307/2405747
https://doi.org/10.1146/annurev.es.20.110189.000411
https://doi.org/https://doi.org/10.1002/jez.b.22656

	Introduction
	Different philosophical views of homology
	Essentialist view
	Individualist view
	Neo-essentialist HPC kind view
	Summary

	Two (too?) simple thought experiments
	Decrease of shared properties
	Gradual but complete replacement of properties
	Conceptual implications from these thought experiments

	Mathematical interpretation of the individualist and HPC kind views 
	Definition of category, preorder, and groupoid
	Ordered sets and the individualist view
	Groupoids and the HPC natural kind view
	Summary

	New alternative views of the homology concept
	Mathematical formulation of the process-oriented homology views in terms of the category theory
	Biological and philosophical implications
	Biological implications
	Philosophical implications

	Conclusion

