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Abstract  12 

The concept of phylogenetic homology has been criticized of involving circular argumentation 13 

resulting from a methodological gap between its ontological definition and its empirical 14 

recognition criteria. Based on the role of similarity for the recognition of phylogenetic 15 

homologues I argue that phylogenetic homology presupposes non-evolutionary comparative 16 

homology. Due to their use of Platonic ideals, archetypes and the requirement of the a priori 17 

assumption of a stable positional reference system, pre-Darwinian notions of homology cannot be 18 

used in this context. Based on Young's concept of comparative homology, I suggest a similarity-19 

based procedure for recognizing comparative homologues that utilizes a semantic framework. 20 

This approach circumvents the problems of the pre-Darwinian notions of comparative homology 21 

and provides the so far lacking conceptual basis for the application of recognition criteria of 22 

phylogenetic homology, adding the missing link to the logical chain for assessing phylogenetic 23 

homology and closing the methodological gap between its ontological definition and its 24 

epistemological recognition criteria. This approach to comparative homology provides an 25 

essential methodological framework for generalizing over individual organisms and identifying 26 

and demarcating anatomical structural kinds. It thus represents an important contribution to the 27 

theoretical and methodological foundation of both morphology and comparative biology. 28 

 29 
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1 Introduction 33 

 Homology is considered to be one of the most important concepts in biology (e.g., Jardine 34 

and Jardine, 1969; de Beer, 1971; Bock, 1974; Riedl, 1979; Brigandt and Griffiths, 2007; Minelli 35 

and Fusco, 2013). It is essentially a comparative concept, whose relationship to systematics 36 

always has been very close.  37 

 By attributing homology to a transformation within a common ancestor, Hennig (1950) 38 

linked homology explicitly and unambiguously to the phylogeny of species, therewith 39 

establishing the methodological basis for using phylogenetic character statements as evidence for 40 

phylogeny reconstruction. Whereas homology takes in a central role in phylogeny reconstruction, 41 

it is important to specify which interpretation of the homology concept is relevant in 42 

phylogenetics, because various evolutionary and non-evolutionary interpretations exist (for a 43 

general discussion of homology see e.g. Rieppel, 1993; Panchen, 1994; Hall, 1994, 2012; Bock 44 

and Cardew, 1999).  45 

 However, before phylogeneticists can analyze character matrices through various 46 

algorithms of numerical tree inference, they first have to conduct some other steps of inquiry (e.g. 47 

Vogt et al., 2010). When using morphology as a source of evidence, the anatomical organization 48 

of several organisms first has to be studied and compared. On this basis, hypotheses of 49 

phylogenetic homology are inferred and coded into morphological phylogenetic character 50 

statements. Not only is the coding of morphological characters and character states far from being 51 

trivial (e.g., Hauser and Presch, 1989; Platnick et al., 1991; Maddison, 1993; Pleijel, 1995; 52 

Wilkinson, 1995; Rieppel, 1996; Hawkins et al., 1997; Lee and Bryant, 1999; Strong and 53 

Lipscomb, 1999; Sereno, 2007; Ramírez, 2007), but it also seems to be difficult to develop a 54 

consistent theoretical and methodological framework for the preceding comparative study.  55 

 Morphological character analysis has been more or less ignored in the theoretical 56 

literature so far, with exceptions usually referring to primary homology assessment (see e.g. 57 

Bock, 1977; Neff, 1986; Rieppel and Kearney, 2002; Jenner, 2002, 2004; Vogt, 2004; Ramírez, 58 

2007). Especially when comparing to the step of numerical tree inference it becomes obvious that 59 

there has been little discussion of methods and problems regarding the step of the morphological 60 

comparative study and the individuation of morphological phylogenetic characters (Pogue and 61 

Mickevich, 1990). Wilkinson (1995) claimed that biology still needs a unified theory of character 62 

construction. de Pinna comments, when discussing primary homology, that "the proposition of 63 

PeerJ PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1243v1 | CC-BY 4.0 Open Access | rec: 16 Jul 2015, publ: 16 Jul 2015

P
re
P
rin

ts



4 

Running Title: Semantic Approach to Comparative Homology 

primary homologies has never become satisfactorily objective (cf. Jardine, 1969: 329), and one 64 

must agree with Patterson (1982: 58) that "hypotheses of homology are conjectures whose 65 

source is immaterial to their status", and with Woodger (1937: 137) that "[t]here is a primary 66 

sense of 'homology' which we all use intuitively and upon which all the more sophisticated senses 67 

of the word depend."" (de Pinna, 1991: p. 373). de Pinna concludes that "the recognition of 68 

similarities stands as an essentially imprecise and subjective process" (de Pinna, 1991: p. 377).  69 

 In the following I will introduce a semantic approach to a similarity-based comparative 70 

homology concept that is based on ideas of Young (1993). This approach has the potential to 71 

substantially increase the much needed semantic transparency and computer parsability for 72 

similarity propositions in morphology, consequently subjecting them to criticism and corrections. 73 

The approach not only contributes an important methodological link for morphological character 74 

analysis in phylogenetics, but also an important methodological framework to the comparative 75 

method in general. 76 

2 Phylogenetic Homology 77 

2.1 Phylogenetic Characters and the Phylogenetic Homology Concept 78 

 In an influential publication, de Pinna (1991) provided a straight forward interpretation of 79 

homology within the framework of the cladistic methodology, with homology being synonymous 80 

with synapomorphy, a position that has been advanced before (e.g., Wiley, 1975; Bock, 1977; 81 

Rieppel, 1980, 1988; Patterson, 1982; Stevens, 1984), but also criticized (e.g., de Queiroz, 1985; 82 

Roth, 1988; Wagner, 1989). de Pinna (1991) distinguished primary from secondary homology as 83 

two interdependent and complementary notions of homology that are applied in two consecutive 84 

steps during phylogeny reconstruction. Topographical correspondence is applied as a criterion 85 

for postulating a conjecture of homology (= primary homology). The underlying test has been 86 

referred to as the similarity or identity test in cladistic literature (Bock, 1977; Cracraft, 1981; 87 

Patterson, 1982, 1988; Vogt, 2002, 2004, 2008a; Agnarsson and Coddington, 2008; for an 88 

argument against similarity constituting a test see de Pinna, 1991). In a subsequent step, primary 89 

homology can be supported or rejected as phylogenetic homology (= secondary homology) 90 

based on additional criteria that involve the congruence test (Patterson, 1988; de Pinna, 1991; 91 
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Vogt, 2002, 2004, 2008a; Richter, 2005; Agnarsson and Coddington, 2008). de Pinna (1991) 92 

argued that whereas the congruence test may refute particular primary homology statements, 93 

these statements will nevertheless be of significance for phylogeny reconstruction and contain 94 

homology statements at a lower level of generality (e.g., the primary homology 'presence of 95 

wings in vertebrates' coded in a matrix will result in the secondary homologies 'wings of bats' and 96 

'wings of birds' on a most parsimonious tree). This is a consequence of primary homology 97 

statements being closer to the empirical evidence that secondary homology statements attempt to 98 

explain. If a given primary homology cannot be explained by a single transformation event that 99 

would imply that it represents a synapomorphy, a given tree still has to explain it somehow, even 100 

when requiring the assumption of additional transformation events that translate the primary 101 

homology hypothesis to several secondary homology hypotheses.  102 

 Phylogenetic character statements are used for inferring the phylogeny of a given group of 103 

taxa. Character statements are statements about putative homologies (e.g., Freudenstein, 2005), in 104 

which (i) a character state refers to a putative taxic homology, which is epistemologically based 105 

on topographical identity, and in which (ii) the relation between different character states of a 106 

character refers to a putative transformational homology, which is epistemologically based on 107 

topographical correspondence (Brower and Schawaroch, 1996; for a discussion of other 108 

meanings of taxic and transformational homology see Brower, 2014). Phylogenetically 109 

informative characters are therefore indicative of transformation events (Hawkins et al., 1997; 110 

Lee and Bryant, 1999), and at least one of the character states of a character is considered to 111 

represent a putative synapomorphy (Vogt, 2002).  112 

2.2 Methodological Problems with the Phylogenetic Homology Concept 113 

2.2.1 Difference between Ontological Definition and Empirical Recognition 114 

 Synapomorphies, or phylogenetic homologues, represent theoretical entities whose 115 

ontological definition refers to historical essences or historical identity (identity as a result of 116 

common evolutionary origin). As a consequence, because historical identity cannot be recognized 117 

directly, the existence of phylogenetic homologues cannot be identified and demarcated directly 118 

on a purely observational basis, but, instead, only indirectly, mediated through directly 119 
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observable entities that function as diagnostic characters. The recognition criteria of phylogenetic 120 

homology thus lack clearly defined necessary and sufficient criteria.  121 

 The epistemological status of phylogenetic homologues is thus comparable to that of 122 

biological species and monophyla, and assertions about their existence are necessarily always 123 

hypothetical. As a consequence, a morphological character statement never directly represents 124 

an anatomical entity and its properties—phylogenetic character statements are not descriptive 125 

statements about the anatomical organization of a specimen, they are not morphological data in a 126 

strict sense, but instead statements about hypothetical entities. Whereas "similarity or 127 

topographical correspondence is factual" (de Pinna, 1991, p. 373) and can be documented in 128 

morphological descriptions, character statements go beyond a factual description of what exists, 129 

as they include a hypothetical and explanatory component (Vogt et al., 2010).  130 

 According to the ontological definition of phylogenetic homology, phylogenetic 131 

homologues do not necessarily have to be similar in appearance (e.g., Cracraft, 1967; Gans, 132 

1985). As a consequence, although each phylogenetic homology possesses clearly defined 133 

necessary and sufficient ontological criteria for particular anatomical entities to be member of it 134 

(i.e. to be phylogenetically homologous), their epistemological recognition criteria lack them. 135 

However, without underlying similarity, the recognition of phylogenetic homologues is 136 

practically impossible. Therefore, it is epistemologically necessary to distinguish phylogenetic 137 

homologues that share similar features from phylogenetic homologues that do not share similar 138 

features, with only the former being epistemologically relevant to phylogenetics (see Vogt, 139 

2002). As a consequence, similarity represents a necessary but not a sufficient condition for 140 

phylogenetically relevant homologues (Vogt et al., 2010).  141 

 Morphological character statements relate distribution patterns of morphologically similar 142 

inheritable anatomical entities of different operational taxonomic units (OTUs) to evolutionary 143 

events. Establishing this relation requires the interpretation of observable evidence that is 144 

documented in morphological descriptive data in the context of the theory of evolution, assuming 145 

that a given distribution pattern is the result of a series of particular evolutionary events, 146 

consisting of at least one transformation event, followed by speciation events the number of 147 

which depends on the number of OTUs sharing the similarity (given that the OTUs represent 148 

separate species). Similarity, in this context, means that anatomical entities must be equivalent or 149 

similar in at least one heritable aspect across several OTUs. And since such 150 
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equivalence/similarity represents only a necessary but not a sufficient condition for phylogenetic 151 

homology (Vogt et al., 2010), phylogeneticists consider similarity to be indicative for putative 152 

phylogenetic homology (Rieppel, 2005). Thus, distribution patterns of similar inheritable 153 

anatomical entities are used as empirical scientific arguments for the reconstruction of phylogeny 154 

(Vogt, 2002, 2004). 155 

2.2.2 Circular Methodological Argumentation 156 

 Phylogenetic homology has been criticized of involving a circular methodological 157 

argument, because in order to identify phylogenetic homologues the underlying phylogeny must 158 

be known, which, however, can only be inferred through the identification of homologous 159 

characters (e.g. Boyden, 1947; Eckhardt, 1964; Ghiselin, 1966, 1976; Sokal and Sneath, 1973; 160 

Sattler, 1984; Stevens, 1984). Young (1993) argues that the circularity problem largely stems 161 

from the methodological gap between the ontological definition of phylogenetic homology, 162 

which refers to historical identity, and the empirical recognition criteria for phylogenetic 163 

homologues, which rely primarily on similarity. This discrepancy cannot be solved by providing 164 

an ontological definition of phylogenetic homology that does not refer to similarity, implying that 165 

similarity is not part of the logical chain of assessing phylogenetic homology, as a specific notion 166 

of similarity is still employed as the recognition criterion (Young, 1993).  167 

 Epistemologically, the phylogenetic homology concept is rooted in a non-evolutionary 168 

homology concept for recognizing similarity that is used as an index to phylogenetic 169 

homologues, which at their turn are used for reconstructing phylogeny and evolution. This 170 

duality has been recognized before (see homology and homogeny, Lankester, 1870; observational 171 

and theoretical components, Jardine, 1969; topographical and phylogenetic homology Rieppel, 172 

1980; preliminary and final testing, Kluge and Strauss, 1985; topological correspondence and 173 

homology, Rieppel, 1988) and also underlies de Pinna's distinction between primary and 174 

secondary homology.  175 
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2.3  The Historical Relation between Non-Evolutionary Homology Concepts and 176 

the Recognition of Phylogenetic Homologues 177 

 Whereas the underlying ontological definition of de Pinna's homology concept is based on 178 

the theory of evolution, its criteria of identification, which go back to Remane's (1952) homology 179 

criteria and beyond, rest to a large degree on former empirical experience with the phenomenon 180 

of 'homology'. The underlying historical continuity becomes even more obvious when comparing 181 

Remane's (1952) criteria of position and of special quality with Etienne Geoffroy Saint-Hilaire's 182 

(1830) principle of connections and his unity of composition. According to the principle of 183 

connections homologues share the same spatial relationship within the organism and according to 184 

the unity of composition they are composed of the same substances and constituent parts (c.f. 185 

Russell, 1916; Rieppel, 1988; Young, 1993; Hall, 2012). Some of these ideas can even be found 186 

in Linnaeus' categories of quantity of observed entities, their basic geometrical form, their 187 

spatiotemporal distribution, and their relative size—categories which Linnaeus applied in his 188 

sexual system for the classification of plants (Linnaeus, 1735, 1751; for a discussion see Vogt, 189 

2008b). The historical roots of recognizing homologues can be traced back even further in time, 190 

as Belon's illustration of 1555 indicates (reproduced in Panchen, 1994). The earliest English 191 

reference to homology is attributed to William Sharp MacLeay in 1821 (Strickland, 1846; 192 

Panchen, 1994). Some notion of homology therefore obviously arose prior to the mid-nineteenth 193 

century and thus even prior to Owen's (1843) widely cited non-evolutionary definition of 194 

homology (Staton, 2011).  195 

 A theoretically elaborate non-evolutionary concept of homology has been first developed 196 

in the nineteenth century, during which the idea arose that two categories of similarity between 197 

observable anatomical entities can be distinguished. On the one hand, anatomical entities that are 198 

'misleadingly' identical and that occur isolated, which were called analogues, and their sameness 199 

was traced back to equivalence of form and function (Rieppel, 1993). On the other hand, 200 

anatomical entities that appear to be 'truly' identical, because they occur in reciprocally 201 

corroborating aggregates, which were at that time traced back to the idea of essential identity 202 

(Rieppel, 1993) and were called homologues (Owen, 1843, 1848, 1849; see also affinities, 203 

Strickland, 1840a,b). Interestingly, the demarcation criterion of homologues against analogues 204 

was based on a non-cladistic notion of congruence, i.e. the expectation that classifications based 205 
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on different homologues tend to confirm each other, because the distribution patterns of several 206 

properties coincide.  207 

 Despite the problems with Owen's homology concept being based on Platonic ideals and 208 

his bottom-up methodology of using perceivably simplest structures as archetypes (see Spencer, 209 

1867), the criterion for distinguishing analogues from homologues is nevertheless comparable to 210 

de Pinna's demarcation criterion for secondary homology based on primary homology (de Pinna, 211 

1991), as both rely on some notion of congruence. However, they differ in that respect that the 212 

former distinction rests on the untestable assumption that a natural order of organisms would 213 

have to stand out because of a natural affinity of the corresponding organisms (Whewell, 1847), 214 

which results from an innate property that is associated with a specific archetype or idealized 215 

form (Owen, 1843).  216 

2.4  The Application of the Phylogenetic Homology Concept presupposes a Non-217 

Evolutionary Homology Concept 218 

 Any use of general terms in morphology is linked to the idea of identifiable and re-219 

identifiable structural kinds (Mahner and Bunge, 1997; Rieppel, 2007) and thus types/classes of 220 

anatomical entities. This implies that particular anatomical entities can be identified as instances 221 

of a structural kind. Positional relationships, meaning Etienne Geoffroy Saint-Hilaire's principle 222 

of connections, have traditionally been one of the main criteria used for the identification of 223 

anatomical entities (Piaget, 1971; Young, 1993). Irrespective of whether applied for identifying 224 

instances of structural kinds or for the recognition of non-evolutionary or phylogenetic 225 

homologues, Young (1993) already argued that the application of the principle of connections 226 

presupposes the a priori assumption of a stable positional reference system. As a consequence, 227 

the application of the principle of connections will result in a circular chain if no landmark 228 

entities (i.e., Young's disjointed intrinsically identifiable anatomical entities; Young, 1993) are 229 

present that build a stable pattern of spatial arrangement that can be identified independent of 230 

the reference system itself. These landmark entities are required for establishing a stable 231 

reference system of relative positions for comparing the anatomy of different organisms. 232 

 Because most anatomical entities are not landmark entities, the a priori assumption of the 233 

existence of a stable positional pattern is unavoidable in morphological research (e.g., Rieppel, 234 
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1988). The importance of this basic assumption as a prerequisite for the applicability of the 235 

principle of connections can be found throughout the biological literature (see in Young, 1993). 236 

The recognition of the necessity of such an assumption can be seen as the methodological 237 

justification for the necessity of the application of an alternative, non-evolutionary, similarity-238 

based comparative homology concept that does not rest on Platonic ideals and Owen's bottom-239 

up methodology. Such a comparative homology concept is required for descriptive and 240 

comparative purposes and represents a methodological prerequisite for the applicability of the 241 

phylogenetic homology concept—"without some similarity, we should not even dream of 242 

homology" (Stevens, 1984, p. 403).  243 

 Conceptually, comparative homology is very close to what de Pinna characterized as the 244 

basic form of homology meaning "equivalence of parts" that serves "as a sorting procedure to 245 

investigate the validity of comparative information" (de Pinna, 1991, p. 368). A central question 246 

regarding the comparative homology concept, however, is the question of how to recognize 247 

comparative homologues, which implies the more fundamental question of "how do we recognize 248 

similarity?" (Young, 1993, p. 233).  249 

3  A Semantic Approach to a Non-Evolutionary, Similarity-Based 250 

Comparative Homology Concept  251 

 Despite their obvious conceptual connections, none of the non-evolutionary homology 252 

concepts of the nineteenth century can function as a similarity-based comparative homology 253 

concept in present day research, because of the reasons discussed above (i.e. Platonic idealism, 254 

Owen's archetype, unjustifiable presupposition of a stable positional reference system). Young 255 

(1993), however, suggested an alternative and very promising approach following a three-step 256 

procedure that emphasizes the interrelations between anatomical entities instead of their intrinsic 257 

qualities for identifying units of comparison. This approach is independent of an a priori 258 

assumption of a stable positional reference system.  259 

Unfortunately, Young's approach has not been adopted by many morphologists so far. A possible 260 

reason for the lack of acceptance might be the fact that it is not easily applicable, because it 261 

requires morphologists to execute additional steps of translating morphological descriptions into 262 
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a highly formalized network-like format, and Young only provided a very basic idea of how this 263 

network must be structured and how the different steps must be practically conducted (see Fig. 1) 264 

As a consequence, Young's approach poses considerable problems when one attempts to actually 265 

apply it to real data. However, by implementing semantic techniques and using ontology terms 266 

and a standardized and highly formalized syntax for morphological descriptions that can be 267 

visualized as a network-like semantic graph, Young's (1993) approach can be modified and made 268 

applicable. 269 

 270 

Fig. 1. Schematic diagram of the three steps of Young's (1993) approach. 1st Step: individual interrelations patterns 271 
of anatomical entities of two organisms (A and B) are shown. The nodes represent anatomical entities and the arcs 272 
the relations between them. 2nd & 3rd Step: the two individual interrelations patterns have been compared and 273 
aligned and a consensus pattern has been build. The combination of letters and numbers in each node denotes the 274 
comparative homologues present in the two organisms (A and B). (Figure adapted from figure 1, Young, 1993) 275 

 In the following, I provide a brief description of each step of this approach and argue how 276 

current semantic techniques could be applied to make each step actually operable by 277 

morphologists. 278 
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3.1  1st Step: Semantic Representations of Patterns of Interrelations of Anatomical 279 

Entities  280 

 The first step concerns the description of patterns of interrelations of anatomical 281 

entities, visualized as network diagrams, in which anatomical entities and their properties are 282 

represented as nodes and the interrelations between them as arcs (see 1st step in Fig. 1). This can 283 

be conducted using the Web Ontology Language (OWL) that can be serialized to the Resource 284 

Description Framework (RDF) syntax.  285 

3.1.1 Using RDF and OWL for describing the anatomical Organization of individual 286 

Organisms 287 

 In RDF, each proposition is structured as a triple statement consisting of a Subject, a 288 

Predicate and an Object. The Subject represents a resource in the form of a Uniform Resource 289 

Identifier (URI). The Predicate represents a relation in which this resource stands to another 290 

resource or a literal. The Predicate itself is another resource that is expressed in the form of a 291 

URI. The Object represents a resource (URI) or some value expressed as a literal. A resource 292 

always refers to a real thing or a piece of data (e.g. a Web page, a class concept) and the literal 293 

can be a unique ID, a numerical value, an arbitrary label, a proper name, a general term, or a 294 

natural language text. A triple statement therefore describes a given resource by relating its URI 295 

to another URI or some value via a URI that defines a predicate. In other words, the Predicate 296 

determines how Subject and Object relate to each other (Fig. 2A). 297 

 The RDF triple statement can be modeled as a graph, with Subject and Object each 298 

forming nodes that are connected through a labeled directed arc (edge), which is the Predicate 299 

(Fig. 2A). A collection of such graphs can jointly form a semantic network called directed 300 

labeled graph or semantic graph (Fig. 2B). Directed labeled graphs are very useful tools for 301 

modeling domain knowledge and for analyses and inferences using graphs logic (e.g., Sowa, 302 

1984, 2008).  303 

 The RDF syntax can be used for describing the relation between particular anatomical 304 

entities of a particular specimen, as for instance parthood relations (e.g., 'scale_A56 part_of 305 

tail_A03'), or for describing specific properties of a particular anatomical entity (e.g., 'scale_A56 306 

bearer_of dark_red'). Triple statements can be interlinked by using the Object of one statement 307 
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as the Subject of another statement (e.g., 'cilium_A126 part_of cell_A125' and 'cell_A125 308 

part_of epidermis_A01'), resulting in chains or networks of triple statements (Fig. 2B). The 309 

resulting semantic graph describes an instance anatomy, which is why I refer to it as a semantic 310 

instance anatomy. 311 

 312 

Fig. 2. A) RDF Triple Statement: the syntax of the Resource Description Framework (RDF) consists of three 313 
elements, i.e. a Subject and an Object that are linked through a Predicate. This triple statement can be visualized as a 314 
graph, in which Subject and Object are represented as nodes that are linked through a directed labeled arc (edge), 315 
which represents the Predicate. B) Directed Labeled Graph: The resource taking the Object position in one triple 316 
statement can take the Subject position in another, linking triple statements into chains and networks. One can use 317 
the RDF syntax to describe and visualize the anatomical organization of complex individual anatomical entities or 318 
individual organisms. Due to the open world assumption, negations are important for being able to express the 319 
absence of a specific anatomical entity and its properties. In this instance-based approach to description, negation is 320 
expressed by classifying the instance that does not have a specific type of anatomical entity as its part as an instance 321 
of the class that does not have this type of anatomical entity as its part (e.g., the triple statement tail_A03 type 'NOT 322 
(has_part some hair)' expresses that the tail of organism A does not possess any hair). For reasons of clarity, the 323 
Subjects, Predicates and Objects are not represented with their URIs but with their labels, with the letter-number 324 
codes indicating that they represent particular anatomical entities. 325 

 The Web Ontology Language (OWL) represents the language that is commonly used to 326 

describe ontologies. OWL is a semantically transparent knowledge representation language and a 327 

popular ontology language that can be serialized to RDF. OWL allows the specification of 328 
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restrictions to the applicability of Predicates, formally limiting what types of resources can be 329 

linked to a Predicate as its Subject (domain of the Predicate) and its Object (range of the 330 

Predicate). In addition to such global restrictions, OWL also allows assigning property 331 

characteristics to Predicates, as for instance transitivity (if 'A is_a B' and 'B is_a C', then 'A is_a 332 

C'), reflexivity ('A is_a A') and antisymmetry (if 'A is_a B' and 'B is_a A', then A and B are 333 

identical), which are important for querying, information retrieval, reasoning, and knowledge 334 

inference. Furthermore, OWL allows the specification of quantified relations (e.g., 'some', 'only'), 335 

of cardinality (e.g., 'exactly 1'), and of necessary and sufficient conditions and it enables the 336 

expression of negated statements.  337 

 Negated statements are important due to the open world assumption that necessarily 338 

underlies every description of a specimen's anatomy, and thus every semantic instance anatomy. 339 

It is impossible to provide a comprehensive description of any real world object—there is always 340 

something missing in a description. As a consequence, we cannot infer the absence of a property 341 

or a specific type of anatomical entity from the lack of information about it in a given semantic 342 

instance anatomy. In other words, if something is not represented in a semantic instance 343 

anatomy, we cannot conclude that it is necessarily absent, but only that information about it is 344 

missing. Therefore it is important to be able to express negated statements in formalized 345 

anatomical descriptions (Fig. 2B, Fig. 3; cf. Balhoff et al., 2014).  346 

 347 

 The practical implementation of ontology-based morphological descriptions has been 348 

shown to be feasible (e.g., Vogt, 2008b; Beck et al., 2009; Washington et al., 2009; Vogt et al., 349 

2010; Deans et al., 2012; Mikó et al., 2012; Balhoff et al., 2013). When describing the 350 

anatomical organization of complex anatomical entities or individual organisms, Subjects and 351 

Objects can reference to terms of anatomy ontologies (e.g., Foundational Model of Anatomy for 352 

Homo sapiens, Rosse and Mejino, 2007; Fly Anatomy Ontology for Drosophila melanogaster, 353 

Grumbling and Strelets, 2006; Hymenoptera Anatomy Ontology, Mikó et al., 2012), indicating 354 

that a particular anatomical entity is an instance of a specific general type or class of anatomical 355 

entity. When describing properties of anatomical entities, Subjects and Objects can also refer to 356 

terms of quality ontologies (e.g., Phenotypic Quality Ontology, Mungall et al., 2007). The 357 

Predicates, on the other hand, refer to relations defined in various ontologies, including specific 358 

relations ontologies (e.g., OBO Relations Ontology, Smith et al., 2005, 2007) (Fig. 3). In this 359 
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way, the resulting descriptions can make use of the semantic machinery provided by these 360 

ontologies, which will become relevant in the second step (see below).  361 

 362 

Fig. 3. Semantic instance anatomy of a protonephridium of a larval specimen of Magelona. Semantic Instance 363 
Anatomy: Simplified description of a particular protonephridium of organism A. All nodes either refer to particular 364 
anatomical entities, types of properties, relations or to numerical values, and in case of negations and quantity 365 
statements also to class expressions. All arcs (edges) refer to Predicates. The anatomical entities connected through 366 
the Predicate 'has_part' build the organizational backbone of the semantic instance anatomy, forming a tree-like 367 
hierarchy (partonomy). The root node ('organism A') represents the entity that is partitioned and all nodes connected 368 
through 'has_part' Predicates its constituent parts. The parthood relation between duct cell and circumciliary 369 
microvilli is negated, implying that there exists no particular entity that is at the same time an instance of the class 370 
'circumciliary microvilli' and a part of organism A's duct cell—the duct cell of the described organism does not 371 
possess any circumciliary microvilli. Additional nodes and arcs specify some of the properties of some anatomical 372 
entities, like for instance their developmental stage or they specify topological relations, as for instance their location 373 
or what they are attached to. Semantic instance anatomies use class-terms from ontologies. Therefore, all nodes 374 
referring to particular anatomical entities are linked to the corresponding terms of respective ontologies through an 375 
'instance_of' relation (shown only for some anatomical entities). The 'instance_of' predicate relates a particular to a 376 
class, asserting that it is an instance of that class. Description of protonephridium based on Bartolomaeus, 1998. 377 
Anatomy Ontology: Hierarchical graph-based representation of a taxonomy of types of anatomical entities. 378 
Respective terms denote classes that are organized in a tree-like hierarchy of classes and their subclasses through the 379 
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'is_a' predicate. This taxonomy implies that any terminal cell is a special type of monociliated epithelial cell with one 380 
root, and thus also a special type of polarized junction cell. 381 

3.1.2 Semantic Representations of Individual Interrelations Patterns 382 

 For the first step of the semantic approach to comparative homology that is based on 383 

Young's (1993) procedure, the method of description introduced above is applied for describing 384 

patterns of interrelations of anatomical entities of individual organisms (= individual 385 

interrelations patterns). It is important that all particular anatomical entities described must be 386 

individuated and identified exclusively based on their intrinsic properties (i.e. Young's disjointed 387 

intrinsically identifiable anatomical entities; Young, 1993), taking interior physical discontinuity 388 

or qualitative heterogeneity as their recognition criteria, like for instance a sharp gradient of 389 

material constitution, color, texture, or electric charge (cf. bona fide objects, Smith, 1994, 1995, 390 

2001; Smith and Varzi, 1997, 2000; for a general discussion of boundaries of anatomical entities 391 

see Vogt et al., 212b) that is defining for a specific type of anatomical entity. These landmark 392 

entities are identified solely based on their intrinsic qualities and independent of any spatial 393 

relations, meaning independent of their position within the organism and independent of their 394 

position relative to other anatomical entities. The respective classification is documented by 395 

linking the node representing a particular anatomical entity to the corresponding term of an 396 

anatomy ontology through the Predicate instance_of (cf. Fig. 3). 397 

 In many cases, this results in a somewhat unspecific classification of the anatomical 398 

entities to be described. A photoreceptor cell, for instance, would not be represented as a 399 

'photoreceptor cell' in an individual interrelations pattern, because no preparation and 400 

visualization technique produces evidence that unambiguously indicates that a cell is a 401 

photoreceptor cell, at least if solely based on its observable intrinsic properties. Instead, one 402 

would represent the entity as a 'cell' (evidence: histology→ nucleus; ultrastructure → cell 403 

membrane) that has a 'portion of opsin' as its part (evidence: immunohistology → opsin) (see Fig. 404 

4).  405 

 After having identified the landmark entities, all anatomical entities are described that can 406 

be unambiguously individuated and identified in reference to such landmark entities (i.e. Young's 407 

adjoining intrinsically identifiable anatomical entities; Young, 1993). This can lead to a more 408 

specific representation of some of the anatomical entities in an individual interrelations pattern. 409 
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For instance, opsin, which has been identified in the previous step, can be further specified based 410 

on the anatomical entity in which it has been detected. If opsin has been detected in a microvilli 411 

group (evidence: ultrastructure → cell membrane pattern), it must be rhabdomeric opsin and if it 412 

has been detected in a branched cilium (evidence: ultrastructure → cell membrane pattern), it 413 

must be ciliary opsin (see Fig. 4). 414 

 Unfortunately, however, because positional relationships represent one of the main 415 

criteria for the identification of anatomical entities (Saint-Hilaire's principle of connections, 416 

Piaget, 1971; Young, 1993), and the identification of anatomical entities also depends on the 417 

preparation of the object of study and the visualization techniques applied, many anatomical 418 

entities described that way will only be classified to a very general level, as for instance as a cell, 419 

a cell part, a cell group, or a cell cluster (see Vogt, 2010; Vogt et al., 2011). As a consequence, 420 

the identification of the individual correlate of such a broadly classified anatomical entity in 421 

another organism is not possible. Therefore, it is important that the observed positional and 422 

topographical relations between the anatomical entities are also represented in the resulting 423 

individual interrelations patterns. This spatial information, however, is not documented in the 424 

nodes of the graph that refer to anatomical entities, but represented through the arcs (= 425 

Predicates) connecting these nodes and through the nodes that refer to property values belonging 426 

to these anatomical entities.  427 

 The generation of individual interrelations patterns does not presuppose any a priori 428 

(=not empirically supported) stable positional reference system. In this context it is important to 429 

note that, contrary to previous approaches to homology assessment that emphasize the intrinsic 430 

properties of anatomical entities, the individual interrelations patterns instead emphasize the 431 

interrelationships between anatomical entities.  432 

 433 

 What actually can be identified as landmark entities directly depends on what techniques 434 

of preparation and visualization have been applied when studying the object of interest. Classical 435 

histology allows the identification of cells (through cell nuclei) but not necessarily also of 436 

organelles. Depending on information provided about the techniques and methods applied, an 437 

adequate domain granularity framework could be applied that could interpret any underlying 438 

anatomy ontology and filter out all those ontology terms that refer to entities that cannot be 439 

unambiguously identified in the given circumstances (Keet, 2006, 2008; for domain granularity 440 
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framework for morphology see Vogt, 2010; Vogt et al., 2012a,b). This can lead to a very 441 

simplified ontology consisting only of a few different types of anatomical entities (in case of 442 

classical histology, e.g. 'cell', 'fiat cell part', 'cell cluster' and 'cell group'). Using such a domain 443 

granularity framework and taking the information about the preparation methods and 444 

visualization techniques applied into account, one could even take a semantic instance anatomy 445 

with fully classified anatomical entities and automatically translate it into an individual 446 

interrelations pattern in which only the landmark entities are fully classified. 447 

 448 

 In addition to the here discussed semantic instance anatomy approach, an alternative 449 

approach to documenting the anatomical organization of a given specimen has been proposed, 450 

and the resulting representations have been called Semantic Phenotypes (e.g. Mungall et al., 451 

2010; Deans et al., 2012; Balhoff et al., 2013). Contrary to the semantic instance anatomy 452 

approach, which follows an instance-based framework, the Semantic Phenotypes approach 453 

follows a class-based framework that defines Semantic Phenotypes as class expressions that are 454 

formally described following an Entity-Quality (EQ) expression (Mungall et al., 2007; Dahdul et 455 

al., 2010; Balhoff et al., 2010). The syntax of the EQ statements is similar to that of phylogenetic 456 

character statements. In order to prevent circularity of reasoning, the Semantic Phenotypes 457 

approach cannot be applied to the here described semantic approach to identifying comparative 458 

homologues, because it presupposes the identification of anatomical structural kinds and the 459 

identification of units of comparison and thus of comparative homologues in the first place.  460 

3.2 2nd Step: Comparing several Individual Interrelations Patterns and Inferring a 461 

Consensus Pattern 462 

 The second step in the semantic approach to comparative homology involves the 463 

comparison of several individual interrelations patterns of different organisms for recognizing, 464 

extracting, and documenting parts within the patterns that are shared by all organisms that have 465 

been compared, resulting in a consensus pattern for these organisms (Fig. 1; cf. Young, 1993). 466 

This requires aligning nodes referring to anatomical entities across different graphs. The 467 

alignment is primarily based on identifying shared positional and topographical relations through 468 

respective spatial Predicates, but all other types of Predicates, as for instance those referring to 469 
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relative size, composition, association with other anatomical entities, and development, as well as 470 

Objects referring to property values can also be considered.  471 

 The more detailed an individual interrelations pattern covers the anatomical organization 472 

of an organism, the more valuable is the resulting consensus pattern for understanding the 473 

morphological system (cf. Young, 1993). However, if specific anatomical entities exhibit 474 

extensive variation across different organisms, many nodes representing the organisms' properties 475 

will not be represented in the resulting consensus pattern and the entities themselves, if at all, are 476 

only represented in a less specific classification, reflecting their limited degree of similarity (see 477 

Fig. 4). A consensus pattern therefore usually contains less information than its underlying set of 478 

individual interrelations patterns, and the degree of matching between them can be understood as 479 

an indicator of the extent of morphological evolution or morphological variability within the 480 

group of organisms compared (cf. Young, 1993).  481 

 The extraction of the consensus pattern from a collection of individual interrelations 482 

patterns does not depend on an a priori frame of reference, but rather is determined by the 483 

maximum congruence possible between the relationships among the anatomical entities, which 484 

can determine the similarity or even equivalence of two anatomical entities (Young, 1993). The 485 

comparison of individual interrelations patterns requires the mapping of nodes across all 486 

compared networks. This alignment of nodes is facilitated by the landmark entities that serve as 487 

unambiguous reference points for the alignment.  488 

 The semantic framework allows utilizing existing algorithms for aligning directed labeled 489 

graphs for the alignment of sets of individual interrelations patterns. These algorithms have been 490 

specifically developed for the mapping of correspondences (=logical equivalences) and the 491 

matching of similarities between concepts of different ontologies (see, e.g., Noy et al., 2005; 492 

Zhang and Bodenreider, 2007a,b; Parmentier et al., 2010; Travillian et al., 2010; Bertone et al., 493 

2013) and would have to be adapted to the needs and requirements of the here proposed semantic 494 

approach. In order for these algorithms to be most efficiently applicable, the individual 495 

interrelations patterns to be compared must use a common set of Predicates. Only if the 496 

networks use the same set of Predicates, their nodes will be comparable and thus alignable. 497 

 498 
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 499 

Fig. 4. Diagram of the three step procedure of the semantic approach to comparative homology with an example. 1st 500 
Step: individual interrelations patterns of anatomical entities of three organisms (X, Y, and Z) are shown (for the 501 
sake of clarity, their instance_of relations to ontology terms are not shown). The nodes represent particular 502 
anatomical entities and the arcs the relations between them. 2nd & 3rd Step: the three individual interrelations 503 
patterns have been compared and aligned and a consensus pattern has been build (because the has_part property is 504 
transitive, not only the microvillus group or the branched cilium has a portion of opsin as its part, but also the cell it 505 
is part of).  506 

 Since the primary focus lies on the identification of topographical correspondences, the 507 

algorithms should, at least initially, consider only those triple statements that are (i) connected to 508 

some anatomical entity as their Subject and/or Object and that (ii) possess Predicates that refer to 509 

topographical relations (e.g., parthood, connectivity) and relations of relative position, 510 

entailment, and adjacency. The algorithms should start with mapping or matching the landmark 511 
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entities. In doing so, the algorithms can make use of Predicates that are transitive, antisymmetric 512 

and reflexive binary relations (partial ordering relations; Bittner and Donnelly, 2007) that give 513 

rise to granular partitions (e.g., Vogt, 2010; Vogt et al., 2012b). Such granular partitions are 514 

used in the hierarchical organization of terms in ontologies (=taxonomies; taxonomic inclusion, 515 

Bittner et al., 2004) and can be found also in the individual interrelations patterns (e.g., 516 

partonomies, which are based on parthood relations) (Fig. 3, Fig. 4). The algorithms can use both 517 

ordering systems (i.e. taxonomies and partonomies) for further modifying the network-structure 518 

of individual interrelations patterns, in order to identify instances of topographical 519 

correspondence or similarity between specific nodes or even between entire branches within the 520 

networks. 521 

 These modifications include traversing the taxonomy of ontology terms towards more 522 

general terms in order to identify the taxonomic granularity level at which two given anatomical 523 

entities are equivalent. For example, if a portion of rhabdomeric opsin and a portion of ciliary 524 

opsin must be aligned, the respective anatomical entity would have to be represented as a portion 525 

of opsin in the consensus pattern, because this is the least common taxonomic level at which they 526 

are equivalent (Fig. 4). For this purpose, the algorithms should not only use the class-subclass 527 

relationships that are explicitly stated in the ontology, but also all class-subclass relationships 528 

implied in the ontology that can be inferred using a reasoner.  529 

 The modifications also include traversing the hierarchy of topographical granular 530 

partitions (and other types of parthood-based granular partitions) in individual interrelations 531 

patterns towards coarser granularity levels in order to identify the mereological or resolution-532 

dependent level of granularity at which two given anatomical entities are equivalent. For 533 

example, if in one organism a cell cluster is part of a portion of the epidermis that is located at the 534 

head and in another organism it is part of a portion of the epidermis that is located at some other 535 

body region, but not the head, and the two cell clusters must be aligned, in the consensus pattern 536 

their relative position would have to be represented less specific as being part of the epidermis, 537 

because independent on where within the epidermis the cell cluster is located, in both cases it is 538 

part of the epidermis (Fig. 4). This example also shows how a difference in position within the 539 

organism of otherwise equivalent anatomical entities poses no problem for this procedure. Their 540 

equivalence will be identified and their positional characteristics generalized to the degree 541 

necessary to capture their level of similarity.  542 
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 This approach must be applied to all nodes within the network. As long as parts of the 543 

network show similarities across all organisms compared, these parts will be represented in the 544 

resulting consensus pattern, whereas their connection to the rest of the network will most likely 545 

be modified to represent less specific information. This first alignment cycle of landmark entities 546 

across individual interrelations patterns must be further differentiated in following cycles, in 547 

which the algorithms attempt to align all other anatomical entities and their properties using the 548 

same methods of traverse and modification. 549 

 If one or more anatomical entities of at least one of the organisms compared shares 550 

similarities to more than one anatomical entity of another organism, the alignment of individual 551 

interrelations patterns will result in more than one consensus pattern. This is not problematic as 552 

such, because it only reflects a complex network of similarity relations that cannot be 553 

unambiguously represented in a single anatomical organization scheme. Depending on the 554 

purpose of the comparative study, one can either use all the resulting consensus patterns in 555 

subsequent analyses steps or infer the overall consensus pattern that will necessarily contain less 556 

information than the set of consensus patterns on which it is based. Alternatively, one could 557 

conduct a comparison for all possible combinations of individual interrelations patterns, 558 

resulting in a set of various consensus patterns, each of which reflects the similarity relations 559 

between the particular individual interrelations patterns compared. This approach is 560 

computationally challenging and will likely require heuristic approaches comparable to those that 561 

we know from numerical tree inferences. 562 

3.3 3rd Step: Comparative Homologues  563 

 The final step of the procedure involves the identification and definition of all those 564 

anatomical entities that are referenced in a consensus pattern to be comparative homologues 565 

(Fig. 1, Fig. 4).  566 

 By defining only those anatomical entities as comparative homologues that exhibit the 567 

same interrelations pattern in a given consensus pattern, the semantic approach uses the same 568 

basic definition for homology as Owen, without, however, referring to notions of archetypes and 569 

Platonic ideals and without applying Owen's bottom-up methodology. Moreover, whereas 570 

traditional phylogenetic homology assessment can only be conducted against the background of a 571 
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specific positional frame of reference, whose a priori selection cannot be justified (Rieppel, 572 

1988), the semantic approach is different, because it does not assume that comparative homology 573 

is based on similarity of structure of specific anatomical entities but rather on similarity of their 574 

relationships (Young, 1993). 575 

 When applying semantic techniques to the comparison of individual interrelations 576 

patterns as well as to the identification and definition of anatomical entities as comparative 577 

homologues, a more general approach can be followed than Young suggested. Instead of 578 

restricting comparative homology to attributes of position and connection and thus to the 579 

traditional criteria of Etienne Geoffroy Saint-Hilaire and of the Owenian non-evolutionary 580 

homology concept, the here proposed semantic approach can evaluate all kinds of similarity 581 

relations, based on structural, functional and/or developmental properties and relations. 582 

Consequently, the resulting comparative homology concept is more general than Young's 583 

concept. Moreover, due to its computer-parsability and formal structure, the semantic approach to 584 

comparative homology can be applied very flexible as well, restricting similarity to positional 585 

and connective attributes where required or to other attributes, as for instance specific functions 586 

or developmental relations, whenever necessary. This flexibility can also be used within a 587 

phylogenetic framework, where one could start with a notion of similarity that is based on 588 

topographical Predicates, and in subsequent steps one could test the effect that the inclusion of 589 

additional Predicates has on the resolution of the consensus pattern and thus on the recognition 590 

of putative phylogenetic homologues. In this way, one can evaluate the influence of function-591 

related properties and dispositions, intrinsic structural qualities of anatomical entities and 592 

developmental relations on the assessment of comparative homology and, indirectly, also on the 593 

assessment of phylogenetic homology (see discussion below). 594 

 This flexibility can be achieved by taking advantage of the fact that ontology Predicates, 595 

which are used in the individual interrelations patterns to specify the different relations between 596 

anatomical entities and their properties, are already classified into different categories. Moreover, 597 

each Predicate does not only possess a textual definition, but oftentimes also specific property 598 

characteristics and a specific domain and range restriction (see above). The application of a 599 

domain granularity framework that enables the specification of pre-defined granularity 600 

perspectives that can be applied to any individual interrelations pattern for filtering out specific 601 

triple statements based on their Predicates and their entity types can facilitate in practically 602 
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managing this flexibility by, for instance, reducing any given graph to triple statements about 603 

those entity types and relations that are of interest for a given purpose (e.g. Vogt, 2010; Vogt et 604 

al., 2012a,b). Moreover, by utilizing granular partitions of ontologies and of individual 605 

interrelations patterns, algorithms can always traverse not only the explicit hierarchies but also 606 

all relevant implicit hierarchies that are present in these representations when attempting to find 607 

logically equivalent terms for mapping or sufficiently similar terms for matching between 608 

individual interrelations patterns. Thus, if for a given node of a specific individual interrelations 609 

pattern no comparable node can be found in another individual interrelations pattern, the 610 

algorithms would search again on a more general level of taxonomic granularity or on a coarser 611 

level of parthood granularity based on the granularity perspectives defined in the granularity 612 

framework. In other words, using an adequate domain granularity framework for morphology can 613 

substantially facilitate the guided traversing of various hierarchical systems and the filtering of 614 

irrelevant Predicates of the network structure of individual interrelations patterns. 615 

 616 

 As a side note: the here discussed procedure can also be used for identifying and 617 

classifying anatomical entities. By aligning an individual interrelations pattern with semantic 618 

instance anatomies that have been validated by experts and therefore comprise fully classified 619 

anatomical entities, all anatomical entities within the individual interrelations pattern can be 620 

classified in reference to their comparative homologues in the semantic instance anatomies. This 621 

approach to the classification of individuals does not require that the corresponding classes of 622 

anatomical entity types of the relevant anatomy ontologies possess formalized property 623 

descriptions, but utilizes the information relevant to classification that is implicitly contained in 624 

the semantic instance anatomies that are used for comparison. 625 

4 The General Role of Comparative Homology in Biology  626 

4.1 The Epistemic Relation between Comparative Homology and Phylogenetic 627 

Homology 628 

 As already discussed further above, primary homology covers two notions of 629 

phylogenetic homology, meaning taxic and transformational homology. With the comparative 630 
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homology concept proposed above one can individuate units of comparison, some of which can 631 

be interpreted in a phylogenetic framework as initial hypotheses of transformational homology 632 

and others as initial hypothesis of taxic homology (=putative synapomorphy). Establishing a 633 

relation of comparability that is based on spatio-structural similarity between particular 634 

anatomical entities of different OTUs sets the frame for a phylogenetic character. Observable 635 

differences between these comparable anatomical entities can be interpreted to have been caused 636 

by transformation events in a common ancestor, at least if these difference refer to inheritable 637 

properties and relations. 638 

 Putative transformational homologues are identified as those comparable homologues that 639 

are represented in the consensus pattern either by a taxonomically more general or mereologically 640 

coarser entity than its corresponding entities from the underlying individual interrelations 641 

patterns (e.g., see Fig.4: the portion of rhabdomeric opsin in organisms X and Y and the portion 642 

of ciliary opsin in organism Z are putatively transformational homologues as portion of opsin). 643 

Any unit of comparison that shares properties and/or relations across only some of the studied 644 

OTUs gives rise to a hypothesis of taxic homology, because according to the phylogenetic 645 

homology concept, equivalence in a single property can be sufficient for assuming phylogenetic 646 

homology, as long as no other evidence supports the opposite (e.g. see Fig.4: the portion of 647 

rhabdomeric opsin in organisms X and Y are taxic homologues).  648 

 As a consequence, one can conclude that because comparative homologues are based on 649 

similarity, any comparative homologue is a putative phylogenetic homologue and comparative 650 

homology is indicative of primary homology. Further analyses and considerations are of course 651 

required for primary homology assessment, especially when considering that not every data unit 652 

(=triple statement of a semantic instance anatomy) and not every anatomical unit (=anatomical 653 

entity) necessarily also represents an evidence unit (=phylogenetic homologue) for reconstructing 654 

phylogeny; primary homology usually involves several data units that often refer to more than 655 

one anatomical unit (see delimitation problem in Vogt et al., 2010).  656 

 That homologues identified through similarity may reflect historic identity and thus 657 

phylogenetic homology has been discussed before (e.g., Wagner, 1980; Cracraft, 1981; Brady, 658 

1985; Wilkinson, 1988), and the philosophical and methodological possibility of such a transition 659 

already has been demonstrated (Rieppel, 1988; Young, 1993). The comparative homology 660 

concept provides the conceptual basis necessary for the application of the recognition criteria of 661 
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phylogenetic homology independent of an a priori assumption of the existence of a stable 662 

positional pattern. The comparative homology concept thus adds the missing link to the logical 663 

chain for the method of assessing phylogenetic homology and closes the methodological gap 664 

between the ontological definition and the epistemological recognition criteria of phylogenetic 665 

homology. It thus provides the conceptual answer to the criticism that phylogenetic homology 666 

would involve a circular methodological argument: we can assess phylogenetic homology on the 667 

basis of similarity and without having to have prior knowledge about its underlying phylogeny. 668 

4.2 Comparative Homology and Morphological Terminology 669 

 Any use of general terms in morphology and any attempt to compare and identify 670 

similarities and equivalences between particular anatomical entities is linked to the idea of 671 

identifiable and re-identifiable structural kinds (Mahner and Bunge, 1997; Rieppel, 2007) and 672 

thus to classes or types of anatomical entities. In reverse one can paraphrase: 'no similarity' is 673 

tantamount to 'no comparative method' in biology and thus to no justification for the applicability 674 

of general terms in morphology. The comparative homology concept provides a conceptually and 675 

methodologically consistent method for identifying and documenting instances of similarity 676 

between the parts of particular organisms. As a consequence, it represents an essential 677 

methodological component for generalizing over individual organisms and identifying and 678 

demarcating structural kinds in morphology. In a nutshell one could say that identifying 679 

comparative homologues in morphology equals identifying anatomical structural kinds. 680 

 As a consequence, the process of identifying anatomical structural kinds could be 681 

reasonably automated by the three-step procedure discussed above. The consensus pattern 682 

retrieved from the second step not only specifies comparative homologues, but also their 683 

consensus properties, which represent putative defining properties for their corresponding 684 

anatomical structural kinds. Morphologists would have to provide adequate general terms for 685 

reference to these structural kinds and evaluate which consensus properties are best suited for 686 

defining the kind. 687 

 Contrary to the phylogenetic homology concept, the here proposed comparative 688 

homology concept focuses on the factual aspects of similarity and is completely agnostic about 689 

similarity's causal underpinning. It is therefore used in descriptive contexts, whereas the 690 
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phylogenetic homology concept is used in explanatory contexts. However, the comparative 691 

homology concept does not only take in an essential function for describing anatomical entities, 692 

as it enables the identification of types of anatomical entities, but also provides the conceptual 693 

foundation for comparative biology. Therefore, comparative homologues are entities that are 694 

important to be named, described and characterized, because they are of relevance for biology in 695 

general. Respective general terms should belong to any comprehensive anatomical terminology.  696 

5 Conclusion 697 

 One reason for the lack of theoretical analyses and conceptual understanding of the 698 

morphological character analysis might be found in the perception that the assessment of 699 

phylogenetic homology presupposes a specific frame of reference, for whose selection no a priori 700 

justification exists (see in Rieppel, 1988). Young (1993) contrasted this point of view with an 701 

approach that questions the assumption that homology is exclusively based on similarity of 702 

intrinsic properties, and he instead suggested that it is based on a combination of observable 703 

intrinsic qualities and similarity of relationships.  704 

 Instead of defining homology in reference to a common historical identity, as the 705 

phylogenetic homology concept does, the definition of Young's comparative homology concept is 706 

based on the notion of a shared set of specific properties and relations, an alternative notion of 707 

homology that has been discussed before (e.g., Ghiselin, 1969, 1987; Cracraft, 1981; Sattler, 708 

1984; Aboitiz, 1987, 1988). Above, I have described how this comparative notion of homology 709 

can be implemented in a semantic approach and how comparative homologues can be recognized 710 

and individuated on the basis of semantic representations of individual interrelations patterns, 711 

without the requirement of an a priori assumption of a positional frame of reference. This 712 

approach uses the interrelations between anatomical entities themselves as reference in addition 713 

to the identification of landmark entities and compares them across different organisms to 714 

identify similarities in their pattern that are documented as consensus patterns. These consensus 715 

patterns designate which anatomical entities can be compared across all the organisms that have 716 

been investigated, and these comparable entities are considered to be comparative homologues.  717 

 With the theoretical and methodological framework provided by semantics and 718 

ontologies, Young's approach for the recognition of comparative homologues can be turned into a 719 
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straight forward procedure that can be applied to real data. Its application is transparent and can 720 

be implemented using adequate algorithms. As a consequence, comparative research could 721 

become more reproducible, allowing the procedures and methods of comparative studies and of 722 

the character analysis step of phylogenetics to become communicable and subjected to criticism 723 

and corrections. In other words, by applying a formal semantic framework, the analytical 724 

accessibility of comparative studies in general and the comparative part of morphological 725 

phylogenetic studies in particular (the alignment of morphology; Stevens, 2000) will be increased 726 

significantly, and comparative studies will become less subjective and more open to critical 727 

analysis. The formal semantic framework and the semantic approach to comparative homology 728 

thus contribute the basis for developing the unified theory of character construction that 729 

Wikinson (1995) claimed that biology needs. It also contributes to increasing the objectivity of 730 

propositions of primary homology (cf. Jardine, 1969) and, although the recognition of similarities 731 

might still stand “as an essentially imprecise and subjective process” (de Pinna, 1991, p. 377), 732 

the semantic framework contributes the much needed semantic transparency and computer-733 

parsability for documenting, communicating and analyzing similarity propositions, all of which 734 

represent essential preconditions for subjecting similarity propositions to criticism and to 735 

corrections and with them the comparative method and the character analysis step.  736 

 Against this background and evaluated in this context, the semantic approach to 737 

comparative homology represents an important theoretical and methodological contribution to 738 

biology in general and morphology in particular, because it provides a highly formalized 739 

methodological basis for individuating anatomical structural kinds, which at their turn provide 740 

the basic reference system for all supra-molecular biological entities, providing the descriptive 741 

framework for the supra-molecular domain of biology. It thus contributes to one of the core 742 

competencies of morphology as a covering discipline (Grobe and Vogt, 2014). The semantic 743 

approach to comparative homology is also essential for comparative anatomical studies and thus 744 

provides a key method for morphology. Moreover, it bridges the methodological gap of 745 

phylogenetic homology assessment in morphology and thus contributes an important 746 

methodological link for morphological character analysis in phylogenetics. 747 

 By replacing phylogenetic homology with comparative homology as the central concept 748 

in morphology, morphology can free itself from the iron grip of having to take phylogenetic 749 

homology as its paradigm theoretical and methodological framework. After all, morphology is 750 
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more than a basis for taxonomy and phylogenetics—nobody would restrict molecular biology to 751 

phylogenetics and taxonomic research! Comparative homology is the most basic methodological 752 

concept in morphology, offering interesting starting points for various research programs. Like 753 

molecular biology, morphology is primarily a way to produce data and thus to describe a certain 754 

aspect of reality. Its explanatory impact is diverse and not restricted to only a couple of research 755 

areas. The semantic approach to comparative homology can help re-opening morphology to all 756 

kinds of biological disciplines and various research topics.  757 
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