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Abstract

Existing BIM (Building Information Modeling) validation mechanisms—namely, geometric clash
detection and attribute completeness checking of individual objects (MVD, IDS)—do not cover a
significant category of informational incompleteness: situations in which the properties of
interdependent entities become fully defined only as a result of their mutual presence in the model.
This article introduces the new concept of ontosaturation as a new mechanism of formal ontology
that formalizes this phenomenon. Ontosaturation describes the relationship between existentially
independent entities whose certain properties remain undetermined (unsaturated) in isolation and
acquire values only after the attributes of related objects are taken into account. The article proposes
a formal definition of ontosaturation, the concept of a saturant, a saturation cluster, and a saturation
index—a metric enabling a quantitative assessment of the relational completeness of a BIM model at
the level of a single entity (s(¢)) and the entire model (S(M)). The concept of a saturation profile was
also introduced, complementary to the Level of Information Need (LOIN) in accordance with the ISO
19650 series of standards, defining minimum saturation thresholds for successive phases of the
project lifecycle. The mechanism was demonstrated using the example of an installation penetration
through a fire separation wall, modeled in Autodesk Revit 2025, showing that collision detection and
attribute validation fail to detect four unsaturated properties critical to fire safety and structural
integrity, which ontosaturation identifies. The proposed approach constitutes a third layer of BIM
model validation, alongside the geometric and attribute layers, addressing the relational
completeness of information between interdependent objects.

Keywords: BIM (Building Information Modeling); ontosaturation; formal ontology; IFC (Industry
Foundation Classes); property completeness; model validation; saturation index; fire-rated wall
penetration; level of information need (LOIN)

1. Introduction

1.1. Research Problem

Building Information Modeling (BIM) has become a widely used paradigm for the digital
representation of building objects throughout their entire life cycle [1]. The fundamental premise of
BIM is that a semantically rich digital model can serve as a common source of information for all
participants in the investment process, from architects, through structural engineers and MEP
designers, to property managers [2]. In practice, however, the information quality of BIM models
often proves insufficient for carrying out tasks in later stages of the process, leading to coordination
errors, costly rework, and schedule delays [3]. Currently, the primary mechanism for detecting errors
in multi-disciplinary BIM models is clash detection, i.e., the automated identification of spatial
conflicts between building components [4]. Tools such as Autodesk Navisworks or Solibri Model
Checker analyze geometric intersections of elements from federated models and flag instances where
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objects occupy the same space (geometric or “hard” clashes), violate minimum distances (functional
or “soft” clashes), or generate scheduling conflicts (process conflicts) [5]. Although this process
effectively reduces geometric conflicts in the pre-construction phase, it operates almost exclusively
on the geometric representation of elements and does not assess the semantic or informational
completeness of the objects in question [6].

This limitation creates a significant research gap and, consequently, a practical one. For example,
a typical design scenario involves a room (IfcSpace) bounded by four walls (IfcWall) with a door
(IfcDoor) in one of them. In a BIM model, each of these elements exists as a separate object with its
own attributes. The simplest collision detection will verify that the walls do not intersect and will not
report any conflict, since the geometry is correct (Figure 1a). A second, more sophisticated validation
approach, based on MVD [7] or IDS (Information Delivery Specification) [8], will check whether each
object has the required attributes, e.g., a wall has a fire resistance class assigned (FireRating = REI120:
meaning it is a fire-separation wall that, in the event of a fire, will not collapse, will not allow fire to
pass through, and will not overheat on the safe side for a minimum of 2 hours, providing time for
evacuation and firefighting operations), the room has a calculated area (24.5 m?), and the doors have
a specified width (0.9 m). Such validation will be successful (Figure 1b). Meanwhile, from an
informational perspective, the model may remain deeply incomplete. None of the existing validation
mechanisms will check whether a room bounded by REI120-rated walls has been identified as a fire
compartment, because this property does not stem from the room itself or the wall itself, but from
their mutual relationship. No mechanism will verify whether a 0.9 m wide door meets accessibility
requirements for people with disabilities in the context of this specific room, because the room’s
accessibility class remains undefined until the properties of the doors leading into it are taken into
account. No mechanism can assess whether a room’s acoustic class is defined, as it depends on the
acoustic parameters of the surrounding walls, which in turn only obtain their full insulation
specifications once it is known which rooms they separate (Figure 1c).

(a) Geometric Layer (b) Attribute Layer (c) Saturation Layer

Clash Detection MVD [ IDS Checking Ontosaturation (proposed.

Attributes|
present

IfeDoof

B [fcWall [ IfcSpace BN IfcDoor

Figure 1. Three layers of BIM model validation: geometric clash detection (a), attribute-level MVD/IDS checking

(b), and the proposed ontosaturation mechanism (c). Source: own elaboration.

In other words, there is a category of properties that do not belong to any single object but are
updated only in the presence of other objects. A wall in isolation has a fire resistance class, but
whether it constitutes a fire zone boundary is a property that requires the simultaneous presence of
aroom. A room in isolation may have a defined area, but its acoustic class, accessibility class, or zone
status remain undefined without knowledge of the properties of the walls and doors that enclose it.
A door has a width, but whether it provides the required accessibility depends on the function of the
room to which it leads. Therefore, this problem is systemic in nature. The IFC (Industry Foundation
Classes) standard, an open data schema for BIM developed by buildingSMART, defines relationships
between building elements primarily as structural relationships, namely aggregation
(IfcRelAggregates), spatial containment (IfcRelContainedInSpatialStructure), typing
(IfcRelDefinesByType), or spatial boundaries (IfcRelSpaceBoundary) [9]. These relationships describe
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what is related to what, but they do not express the fact that the properties of one object become fully
defined only in the presence of another object. IFC models structural dependencies, but it does not
model the mutual enrichment of entities with information.

Existing approaches to BIM model validation, based on MVD [7], IDS [8], or Solibri-type
validation rules [6], verify the presence of required properties in individual objects but treat each
object in isolation. For example, they check whether a wall has the FireRating attribute, but they do
not check whether the value of this attribute has been interpreted in the context of the associated
room. Validation is therefore rather limited because it concerns individual entities rather than being
relational, i.e., it does not verify whether co-occurring entities have mutually completed their
properties.

In summary, current BIM model validation tools and mechanisms detect two categories of
problems: geometric clashes (clash detection) and attribute deficiencies in isolated objects (MVD/IDS
checking). However, there is no formal mechanism that would detect a third category, namely
informational incompleteness resulting from the lack of mutual saturation of properties between
interdependent entities. It is precisely this gap that this article addresses, proposing the new concept
of ontosaturation as a new mechanism of formal ontology in BIM.

1.2. Research Gap

Previous research on BIM model validation has focused on two distinct approaches. The first,
geometric, developed collision detection methods, ranging from simple detection of intersections
between solids, through soft collision analysis taking buffer zones into account, to the application of
machine learning algorithms for classifying and prioritizing detected conflicts [4,10]. The second
trend, the informational one, focused on verifying the presence and correctness of attributes in
individual IFC objects, utilizing Model View Definition (MVD) mechanisms, Information Delivery
Specification (IDS) [11], and other semantic rules [12]. Both approaches share a common
methodological premise: validation treats every entity in the model as an autonomous unit. Collision
detection checks pairs of objects for geometric intersections but does not analyze their mutual
informational influence. Attribute checking verifies whether a given object possesses the required
properties but does not examine whether the values of these properties have been updated in
response to the presence of other objects in the model. In other words, existing approaches assume
that the informational completeness of the model is the sum of the completeness of individual objects.

This assumption is false. As shown in subsection 1.1, there is a category of properties that cannot
be fully defined at the level of a single object because their value is updated exclusively in the context
of relationships with other objects. A room’s acoustic class depends on the properties of the
surrounding walls. The status of a fire zone results from the relationship between the space and its
boundaries. Door accessibility requirements are determined by the function of the room to which
they lead. None of these properties can be detected by the aforementioned validation, whether
geometric or attribute-based. A review of the literature indicates that this problem has not yet been
identified as a separate ontological category. In formal ontologies used in building engineering, such
as ifcOWL, BOT (Building Topology Ontology), or LBD (Linked Building Data), relationships
between entities are modeled as structural, topological, or classificatory links [13]. None of these
ontologies introduces a mechanism describing the mutual sharing of properties between related
entities. The IfcRelSpaceBoundary relationship describes that a wall borders a room, and the
IfcRelContainedInSpatialStructure relationship assigns a door to a given space, but neither of them
expresses the fact that the properties of both related objects become fully defined only in relation to
one another. Figure 2 illustrates this gap using the example of three IFC entities. Existing structural
relationships (solid lines) are marked above the objects, while missing saturation relationships
(dashed lines) are shown below. The acoustic class of a room (IfcSpace) and the sound insulation of
a wall (IfcWall) saturate each other because neither of these properties is fully defined without the
other. Similarly, a room’s fire zone status depends on the fire resistance class of the surrounding
walls, and the fire door class (IfcDoor) is determined by the fire zone status of the room to which it
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leads. Door accessibility requirements, in turn, are determined by the room’s function. None of these
informational relationships are currently modeled in the IFC schema or detected by existing
validation mechanisms.

IfcRelSpaceBoundary IfcRelContainedInSpatialStructure

— _—
IfcWall IfcSpace IfcDoor
FireRating = REI120 Area = 24.5 m? Width = 0.9 m
- ——— — —— ! > - — e — —— >

Acoustic class «» Sound insulation Accessibility req. « Room function

Fire compartment < Boundary fire rating Fire door class «» Compartment status

Existing IFC relation — = =— = Missing saturation relation

Figure 2. Existing IFC relations and proposed missing saturation relations between IfcWall, IfcSpace, and

IfcDoor. Source: own elaboration.

Thus, the research gap can be formulated as follows: in the current state of knowledge, there is
a lack of an ontological mechanism that would formalize the phenomenon of mutual property
updating between co-occurring entities in the BIM model and enable its automatic verification. This
article fills this gap by proposing a new mechanism (and thus a new concept) of ontosaturation.

1.3. Research Objectives and Contributions

The aim of this article is to introduce and formalize the new concept of ontosaturation as a new
mechanism of formal ontology in the context of BIM. The article posits that existing BIM model
validation mechanisms—namely, geometric collision detection and checking the attribute
completeness of individual objects—do not cover a significant category of informational
incompleteness resulting from the lack of mutual saturation of properties between interdependent
entities in the model.

In particular, the article pursues four research objectives. First, it identifies and describes the gap
between existing BIM validation mechanisms and the actual information needs of the design
process—namely, that the properties of certain objects become fully defined only in the context of
their relationships with other objects, which no current mechanism formalizes or verifies. Second, it
introduces a formal definition of ontosaturation along with a conceptual framework comprising: an
insaturated property, a saturation relation, a saturant, a saturation cluster, and a saturation index,
both at the level of a single entity and the entire model. Third, it proposes the concept of a saturation
profile as a tool complementary to the Level of Information Need (LOIN), enabling the definition of
minimum (or desired) saturation thresholds for individual phases of the project lifecycle. Fourth, it
demonstrates the application of the proposed mechanism using the example of an installation
penetration through a fire-separation wall, a multi-disciplinary coordination scenario in which three
entities (wall, opening, installation) mutually saturate their properties.

The contribution of this article is primarily theoretical and conceptual. Ontosaturation is a
proposal for a new ontological mechanism that occupies a distinct position within the taxonomy of
formal mechanisms and lies between ontological independence and existential dependence in the
Husserlian sense [14]. The article does not propose a tool-based implementation, but provides the
formal foundations upon which such an implementation could be built, e.g., in the form of an
extension of existing validation mechanisms (MVD, IDS) or as a new verification layer in BIM model
management tools.
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2. Theoretical Background

2.1. Ontological Dependence vs. Ontosaturation

The concept of ontological dependence has a long tradition in formal philosophy. Its origins date
back to Edmund Husserl’s Third Logical Investigation, in which he introduced the concept of
foundation (German: Fundierung) as a formal relation between parts of a whole [14]. In Husser!’s
view, entity a is grounded in entity b if and only if a cannot, by its very nature (due to its generic
nature), exist without the existence of b. A classic example is color, which cannot exist without a
medium, i.e., the surface of an object. Husserl distinguished between a one-sided dependence (color
depends on the surface, but not vice versa) and a mutual dependence, as in the case of hue, saturation,
and brightness, which co-constitute a specific instance of color and cannot exist separately. This
theory was developed and formalized by Peter Simons in his seminal work on mereology and
ontology [15]. Simons identified several types of ontological dependence: existential dependence (an
entity cannot exist without another entity), essential dependence (an entity would not be what it is if
another entity did not exist), and generic dependence (an entity requires the existence of some entity
of a given kind, not necessarily a specific instance). Simons also demonstrated that ontological
dependency is a fundamental tool for analyzing the integrity of wholes, as it allows one to distinguish
aggregates (whose parts are independent) from integral wholes (whose parts are interdependent).

In the context of ontologies used in computer science, the concept of ontological dependency has
been adopted by upper-level ontology systems, in particular by DOLCE (Descriptive Ontology for
Linguistic and Cognitive Engineering) [16] and BFO (Basic Formal Ontology) [17]. In DOLCE, a
distinction is made between independent entities (substantial endurants, e.g., physical objects) and
dependent entities (qualities, roles, states), where dependence is defined as the inability to exist
without a carrier. In BFO, the category of specifically dependent continuants includes entities such
as qualities, dispositions, and roles, which necessarily inhere in an independent carrier. A common
feature of all the approaches mentioned is that ontological dependence is an existential relation, i.e.,
it concerns the conditions of existence of entities. A dependent entity cannot exist without the entity
on which it depends. This is a strong and binary condition: either the entity exists (because its
foundation exists), or it does not exist (because the foundation is absent).

Ontosaturation, as proposed in this article, encompasses a different category of phenomena. The
question is not whether an entity can exist without another entity, but whether an entity can be fully
defined without another entity. For example, a wall (IfcWall) in a BIM model exists independently of
a room (IfcSpace), meaning it has geometry, material, and a fire resistance class. A room exists
independently of a wall because it has a name, area, and function. Neither of these entities is
existentially dependent on the other in the sense of Husserl or Simons. However, certain properties
of both entities—namely, the room’s acoustic class, fire zone status, and the wall’s sound insulation
in the context of the spaces they separate—remain undefined until both entities are considered
together. This difference can be formulated as follows. Ontological dependence states: a cannot exist
without b. Ontosaturation, in turn, states: a exists without b, but property P of entity a does not have
a definite value without b. This is a relation weaker than existential dependence (since the entity
exists independently), but stronger than mere association (since it is not an optional connection, but
a necessary indeterminacy of properties). Ontosaturation thus introduces a new category between
independence and ontological dependence, namely the category of property indeterminacy, in which
entities exist autonomously, but their full specification requires mutual presence.

2.2. IFC as an Applied Ontology

In the construction sector, the IFC (Industry Foundation Classes) standard, developed by the
buildingSMART organization, constitutes an applied domain ontology—that is, a formal
specification of concepts, relationships, and constraints describing building objects [9]. The IFC
schema, expressed in the EXPRESS language, defines over 900 entities and implements several
ontological mechanisms: taxonomy (inheritance hierarchy, e.g., IfcWall -> IfcBuildingElement ->
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IfcElement), partonomy (relationships IfcRelAggregates and IfcRelContainedInSpatialStructure),
identification (Globalld), and typing (IfcRelDefinesByType). Relationships between elements and
spaces are modeled by IfcRelSpaceBoundary (space boundary), IfcRelVoidsElement (void), and
IfcRelFillsElement (fill). All these relationships are structural in nature, meaning they describe what
is related to what, but none of them expresses the influence that the related entities exert on each
other’s properties. Object properties (IfcPropertySet) are assigned to individual entities via
IfcRelDefinesByProperties because there is no mechanism for defining properties whose value is
conditioned by the attributes of another object [18].

Attempts to enrich the semantics of IFC have been made through the translation of the schema
into OWL (ifcOWL), which enables the application of inference rules [19]. However, ifcOWL is a
faithful representation of the EXPRESS structure; that is, it replicates the structural relationships of
IFC without introducing new ontological categories. Similarly, the BOT [13] simplifies the topological
representation of a building but does not go beyond structural relationships. IFC, as an applied
ontology, thus offers a rich set of tools for modeling structure, classification, and geometry, but lacks
a mechanism for expressing the mutual saturation of properties between related entities.
Ontosaturation, as proposed in this article, fills this gap by introducing a layer of saturation relations
superimposed on the existing IFC relation structure.

2.3. Property Completeness Problem

The property completeness problem in BIM models has so far been analyzed mainly from the
perspective of meeting data exchange requirements. The MVD mechanism allows defining which
entities, attributes, and relationships must be present in the IFC model for a given use case, e.g.,
architectural-structural coordination or energy analysis [7]. A newer approach is the Information
Delivery Specification (IDS), which enables the definition of information requirements in XML format
independently of the software [11]. Both mechanisms verify completeness at the level of a single
object: they check whether a given entity possesses the required attribute of a specific type and value
within the permissible range. In the terminology proposed in this article, it can be said that MVD and
IDS check conditions of simple completeness, i.e., the completeness of properties in isolation from
the relational context of the object.

None of the existing approaches formalizes the problem of relational completeness, i.e., a
situation in which a property of object A becomes fully defined only in the presence of object B, and
vice versa. Research on semantic validation rules, including work using rules for reasoning on IFC
models [19], do allow for the formulation of conditional rules (e.g., “if a room has an office function,
then the surrounding walls must have sound insulation > 45 dB”), but these rules must be defined
manually for each case and do not follow from any general ontological mechanism. There is a lack of
a formal concept describing the very structure of property interdependence—that is, a concept that
would allow for the automatic identification of pairs of entities whose properties require mutual
saturation, regardless of the specific domain and specific rules [18]. The concept of ontosaturation,
formalized in Chapter 3, fills this gap by defining the conditions under which the properties of
entities are insaturated, as well as a metric for assessing the degree of saturation of the model as a
whole.

3. The Ontosaturation Framework

3.1. Formal Definition

This subsection introduces a formal definition of ontosaturation and related concepts: the
saturant, the insaturated property, and the saturation relation.

Let E denote the set of entities in a BIM model, and let P(e) denote the set of properties assigned
to entity e € E. Each property p € P(e) can take a value from a specified domain D(p) or remain
undefined, which we denote by the symbol 1. An undefined property is one that formally exists in
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the entity’s specification (it is required by the schema or usage scenario), but whose value cannot be
determined based on the entity e alone, in isolation from the other entities in the model.

Definition 1 (Insaturated property). A property p € P(e) of an entity e is saturated with respect to an entity
f €E, where e # f, if and only if all three of the following conditions are satisfied: (1) the value of p is undefined
(p = 1) in isolation from f; (2) there exists a property q € P(f) such that knowing the value of q is a necessary
condition for determining the value of p; (3) e is not a part of f and f is not a part of e (the relation is not
partonomic), and e is not a subtype of f and f is not a subtype of e (the relation is not taxonomic).

Condition (3) distinguishes ontosaturation from property inheritance mechanisms (where a
subtype inherits the properties of a supertype) and from aggregation (where the property of the
whole follows from the properties of the parts). Ontosaturation occurs exclusively between entities
that are ontologically independent in the existential sense—that is, each exists autonomously —but
whose properties require the mutual presence of the other for full specification.

Definition 2 (Saturation Relation). A pair of entities (e, f) is in a saturation relation, denoted Sat(e, f), if
and only if there exists at least one property p € P(e) that is unsaturated with respect to f and at least one
property q € P(f) that is unsaturated with respect to e. The saturation relation is by definition symmetric: if
Sat(e, f), then Sat(f, e).

The symmetry of the saturation relation is a constitutive feature of ontosaturation and
distinguishes it from ordinary informational dependence. It is not that one entity provides
information to another (which would be an asymmetric relation), but rather that both entities
mutually saturate each other’s properties. The acoustic class of a room depends on the sound
insulation of the wall, and the required sound insulation of the wall depends on the function of the
room; that is, both properties saturate each other simultaneously.

Definition 3 (Saturant). An entity fis a saturant of an entity e if there exists at least one property p € P(e)
that is saturated with respect to f. An entity may have multiple saturants, in which case the full saturation of
its properties requires the presence of all required saturants.

Definition 4 (Ontosaturation). Ontosaturation is a process in which the unsaturated properties of entities
in a saturation relation acquire specific values as a result of the mutual consideration of the attributes of the
saturants. Formally, for a pair of entities (e, f) such that Sat(e, f), ontosaturation is a function: o: P(e)L x P(f)
— D(p), which, based on the value of the property q € P(f), determines the value of the previously unsaturated
property p € P(e), and symmetrically: o: P(f) L x P(e) — D(q).

Definition 5 (Saturation Cluster). A saturation cluster K € E is a maximal set of entities mutually connected
by saturation relations, such that for every pair of entities e, f € K there exists a path of saturation relations
connecting e to f. A saturation cluster corresponds to a connected component of a graph in which the vertices
are entities and the edges are saturation relations.

An example of a saturation cluster is the triplet {IfcWall, IfcSpace, IfcDoor} from Chapter 1: the
wall is a saturant of the space (acoustic class, zone status), the room is a saturant of the wall (required
insulation resulting from the function of separated spaces), the room is a saturant of the door
(accessibility requirements resulting from the room’s function), and the door is a saturant of the room
(accessibility class determined by the door’s parameters). All three entities form a single cluster in
which the insaturated properties can only be fully determined after considering the entire cluster as
a whole.

It is worth emphasizing what ontosaturation is not. It is not a partonomic relation, since a room
is not a part of a wall, nor vice versa. It is not a taxonomic relation, since a wall is not a subtype of a
room. It is not an ontological dependency in Husserl’s sense, since the wall exists without the room,
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and the room without the wall. It is not contextualization, because it is not about a change of
perspective on the same entity, but about the mutual complementation of the properties of different
entities. Ontosaturation thus occupies a distinct position in the systematics of ontological
mechanisms; that is, it is a mechanism of mutual property determination between existentially
independent entities.

3.2. Saturation States and Saturation Index

Based on the formal definitions from subsection 3.1, it is possible to assign a unique saturation
state to each entity in the BIM model and then calculate an aggregated metric at the level of the entire
model.

Definition 6 (Saturation state of an entity). Let e € E be an entity, P(e) the set of its properties, and P_L(e)
€ P(e) a subset of unsaturated properties. The entity e is in one of three states:

o Fully saturated: P_L(e) = @ — all properties have definite values; none requires saturation by a saturant.

o Partially saturated: 0< | PL(e)| < |Preq(e)| — the entity is associated with some of the required saturants;
some properties have been saturated, but at least one remains unsaturated. The symbol Preq(e) denotes the
subset of properties requiring saturation in a given usage scenario.

e Insaturated: P_L(e) = Preq(e) — none of the properties requiring saturation have been saturated; the entity
is not associated with any of its required saturants, or associations exist but have not been used to update
properties.

These states are not static, as they change as design work progresses. In the conceptual phase, most entities
are unsaturated, which is natural and acceptable. In the detailed design phase, at least partial saturation is
expected. In the as-built phase, full saturation of all entities in the model is required.

Definition 7 (Entity Saturation Index). For an entity e, the saturation index is defined as:

se)=1-|PL(e)! / IPreq(e)l
where | PL(e)| is the number of unsaturated properties, and |Preq(e)| is the number of properties requiring
saturation. The index takes values in the range [0,1], where s(e) = 1 denotes full saturation, and s(e) = 0 denotes
full unsaturation. For entities that do not have properties requiring saturation (Preq(e) = @), the index is by
definition equal to 1—the entity does not participate in saturation relations and is treated as saturated.

Definition 8 (Model Saturation Index). For a model M ={ey, e, ..., e.}, the global saturation index is defined
as the weighted average of the indices of the individual entities:

SM)=Y iwi-sei)/Y iw i
where wi = | Preq(e;)| is the entity’s weight, equal to the number of its properties requiring saturation. This
weight ensures that entities with a greater number of unsaturated properties have a proportionally greater
influence on the global index. A model in which no entity participates in saturation relations yields S(M) = 1.
A model in which all properties requiring saturation remain undefined yields S(M) = 0.

Figure 3 illustrates the application of the saturation index using the example of the cluster
{IfcWall, IfcSpace, IfcDoor} from Chapter 1. Each entity has autonomous properties (defined
independently, e.g., geometry, material) and properties requiring saturation. The diagram shows the
values of s(e) for each entity before saturation (unsaturated state, values close to 0) and after saturation
(saturated state, values equal to 1), along with the resulting global index 5(M).
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BEFORE ontosaturation AFTER ontosaturation

[ IfcWall Jl IfcSpace Jl IfcDoor J l IfcWall J[ IfcSpace J[ IfcDoor J

Geometry Area Width Geometry Area Width

Material LongName Height Material LongName Height

Thickness Height Accessibility req. Thickness Height Accessibility req.

Acoustic class Fire door class Local load capacity Acou
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S(M) = 0.00 S(M) = 1.00

Figure 3. Saturation index calculation for the room boundary cluster: individual entity indices s(e) and global

Fire door class

model index S(M) before and after ontosaturation. Source: own elaboration.

The model saturation index has direct practical application. It can serve as a criterion for model
acceptance at various stages of the design process —analogous to existing LOIN requirements, but in
an informational rather than geometric dimension. A minimum saturation threshold could be
defined in documents such as the BIM Execution Plan: e.g., S(M) = 0.3 for the conceptual phase, S(M)
> 0.7 for the detailed design, S(M) 2 0.95 for the as-built model.

3.3. Saturation Profiles Across Design Phases

The model saturation index is not a static value because it changes as the design process
progresses. In the early phases of a project, the BIM model contains entities with a low level of detail,
a small number of defined properties, and a limited network of relationships between objects. As the
project matures, the model is gradually enriched as new entities (e.g., MEP components) are added,
existing entities gain additional attributes, and the relationships between them become increasingly
dense. This process naturally leads to an increase in the saturation index, i.e., from values close to
zero in the conceptual phase to values close to one in the as-built phase.

However, the increase in saturation is neither linear nor uniform. Certain saturation clusters
become saturated early on; for example, relationships between rooms and walls regarding function
and fire resistance class can be determined as early as the construction design phase. Other clusters
saturate late; for example, relationships between service openings and fire stops require multi-
disciplinary coordination and are typically resolved only during the construction drawing phase or
on-site. Still others may never reach full saturation in the design model, but only in the as-built model,
once the actual parameters of the installed elements are known.

This observation leads to the concept of a saturation profile, i.e., a characteristic curve describing
the expected trend of the S(M) index as a function of the project’s life cycle phases. In accordance
with the ISO 19650 series of standards [20] and EN 17412-1 [21], information requirements for a BIM
model are defined through the concept of LOIN (deliberately referred to in the text as LOIN, in
accordance with terminology commonly used in BIM literature, although EN 17412-1 [21]
recommends using the full name), which defines the required scope of geometric, alphanumerical,
and documentation information for each object at a given data exchange stage. LOIN is a single-
object-oriented concept as it defines what information a given entity should possess at a given
information exchange point. The saturation profile supplements LOIN with a relational dimension,
i.e, it defines to what extent the properties of interdependent entities should be mutually saturated
at a given stage.

A saturation profile can be defined as a set of minimum thresholds assigned to successive
information exchange points:

e  Concept: S(M) = 0.1. Most entities are unsaturated. Only basic saturation relationships are
acceptable—e.g., assigning rooms to functional zones.

e  Construction design: S(M) = 0.4. Clusters related to fire protection and acoustics should be
partially saturated. Entities have defined types and basic properties requiring saturation.
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e  Construction drawing: S(M) 2 0.75. Most saturation clusters should be saturated. Only properties
dependent on actual product parameters remain.

e As-built model: S(M) > 0.95. Full or near-full saturation is required. All relational properties
should be determined based on as-built data.

Figure 4 presents a theoretical saturation profile in relation to the phases of the project life cycle,
comparing it with the LOIN concept. While LOIN describes the required scope of information at the
level of a single object at a given exchange point, the saturation profile describes the degree of mutual
saturation of properties between interdependent entities. These are complementary dimensions
because a model can meet LOIN requirements (each object possesses the required geometric and
alphanumeric attributes) while simultaneously having a low saturation index (undetermined
relational properties), which corresponds to the situation described in subsection 1.1.

1.00 1

Index value

0.00 4

Briefing Design Detailed Construction Handover
Design

Figure 4. Theoretical saturation profile S(M) across project lifecycle phases compared to the Level of Information
Need (LOIN) fulfillment. Source: own elaboration.

The saturation profile can be incorporated into BIM process documentation, e.g., as part of the
BIM Execution Plan (BEP) or Exchange Information Requirements (EIR) in accordance with ISO
19650, i.e., alongside existing LOIN requirements. Model validation at each stage would then include
not only checking attribute completeness (MVD/IDS) and geometric correctness (clash detection), but
also verifying whether the model’s saturation index meets the required threshold for a given
exchange point.

4. Application: Penetration Through Fire-Rated Wall

4.1. Case Description

To demonstrate the ontosaturation mechanism using a specific engineering example, a scenario
involving an installation penetration through a fire-rated wall was selected —one of the most
common cases of multi-disciplinary coordination in construction projects. This scenario involves
three separate entities, each belonging to a different design discipline, and their properties require
mutual coordination. The demonstration model was created in Autodesk Revit 2025 based on an MEP
design. Figure 5 shows a 3D view of the analyzed model section with IFC entity markings.
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Annular gap
(firestop zone)

IfcPipeSegment

Figure 5. 3D BIM model of an MEP duct penetration through a fire-rated reinforced concrete wall, modeled in

Autodesk Revit 2025. Source: own elaboration.

The model identifies the entities involved in the saturation cluster. The first entity is a fire
separation wall (IfcWall), which is a 250 mm thick reinforced concrete partition with an assigned fire
resistance rating of FireRating = REI120. The wall serves as the boundary of the fire zone and has
defined intrinsic properties: geometry, material (reinforced concrete), thickness, and global fire
resistance rating. The properties requiring saturation, however, are: local load-bearing capacity at the
penetration point (dependent on the dimensions of the opening and the loads carried by the wall)
and the fire resistance class in the opening zone (dependent on the type and class of the penetration
used). The second object is the installation opening (IfcOpeningElement), i.e., a rectangular cutout in
the wall, linked to it via the IfcRelVoidsElement relationship. The opening has autonomous
properties: dimensions (width and height) and location within the wall. The property requiring
saturation is the fire resistance class of the penetration (Firestop class), which cannot be determined
without knowing what element passes through the opening and what fire resistance class the
partition must maintain. The third entity is a ventilation duct (IfcDuctSegment) passing through the
opening in the wall. The duct has autonomous properties: cross-sectional dimensions, material, and
affiliation with the ventilation system. The property requiring saturation is the seal specification at
the fire barrier penetration (Seal specification), which depends on the wall’s fire resistance class, the
opening’s dimensions, and the duct type.

Between the duct and the edge of the opening there is an annular gap—the space where the
firestop is actually installed. It is precisely this zone that is the physical location of ontosaturation: its
properties (type of firestop, fire resistance class, material specification) do not belong to any of the
three entities individually, but are determined solely by the combined consideration of all three
elements together.

From the perspective of clash detection, the analyzed model fragment is correct: the duct does
not intersect the wall, the opening has been modeled, and the geometry does not generate a conflict.
From the perspective of attribute validation (MVD/IDS), the model also meets the requirements, as
each of the three entities possesses the required attributes in their property sets. However, from the
ontosaturation perspective, the model is incomplete because the three entities form a saturation
cluster in which four properties remain unsaturated, as will be demonstrated in the saturation
analysis in subsection 4.2.
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4.2. Saturation Analysis

In the first step, the properties requiring saturation (Preq) were identified for each entity in the
cluster. The wall (IfcWall) has two such properties: local load-bearing capacity at the penetration
point and fire resistance class in the opening zone. The opening (IfcOpeningElement) has one: the
fire resistance class of the penetration. The duct (IfcDuctSegment) has one: the sealing specification
at the penetration through the partition. In total, the cluster contains four properties requiring
saturation.

In the second step, the saturation relationships were defined. The wall is a saturant of the
opening, and the fire resistance class of the opening’s penetration depends on the fire resistance class
of the wall in which it is located. The opening is a saturant of the wall, and the local load-bearing
capacity of the wall at the penetration point depends on the dimensions of the opening. The duct is a
saturant of the opening, and the type of penetration depends on the material and dimensions of the
element passing through the opening. The opening and the wall are saturants of the duct, as the
sealing specification depends on the fire resistance class of the partition and the dimensions of the
gap. All three entities are interconnected by saturation relationships and form a coherent saturation
cluster.

Figure 6 shows a cross-section of the analyzed intersection, highlighting the unsaturated
properties prior to ontosaturation. Each of the three entities is in an unsaturated state, meaning that
none of the properties requiring saturation has a defined value. The symbols L next to individual
properties indicate indeterminacy: Local load capacity = L (local load-bearing capacity of the wall
unknown), Fire rating at opening = L (fire rating of the wall in the opening zone undefined), Firestop
class = 1 (firestop class undefined), Seal specification = 1 (seal specification of the duct unknown).
Thus, the saturation indices of individual objects are: s(Wall) = 0.0, s(Opening) = 0.0, s(Duct) = 0.0. The
global saturation index of the model is S(M) = 0.00.

IfcDuctSegment

=7 Seal specification = L

IfcOpeningElement

Firestop class = L

Local load capacity = L

[Fire rating at opening = 1] £

Annular gap

Figure 6. Cross-section of an MEP duct penetration through a fire-rated reinforced concrete wall, modeled in

Autodesk Revit 2025. Source: own elaboration.

In the third step, the titular ontosaturation—i.e., the process of mutual saturation of properties —
was performed. Based on the wall’s fire resistance class (REI120) and the dimensions of the opening
and duct, it was determined that the penetration through the partition requires an EI120-class fire
stop (Fire stop class = EI120, i.e., airtight and insulating for 120 minutes). This results in the
specification for sealing the duct, namely a Fire collar FC120, which provides fire protection for 120
minutes (Seal specification = Fire collar FC120). The fire resistance class of the wall in the opening
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area was confirmed as REI120, provided that a fire stop of the required class is used (Fire rating at
opening = REI120). The local load-bearing capacity of the wall at the penetration point was
determined based on the dimensions of the opening relative to the wall cross-section (Local load
capacity = 85 kN/m, illustrative value for demonstration purposes).

Figure 7 shows the same cross-section after ontosaturation. All properties requiring saturation
now have specific values because the L symbols have been replaced with concrete parameters. The
colors applied to the elements have changed from red (unsaturated) to green (saturated). The
saturation indices are: s(Wall) = 1.0, s(Opening) = 1.0, s(Duct) = 1.0. The global saturation index of the
model has increased to S(M) = 1.00, which indicates full saturation of the cluster.

IfcDuctSegment

Seal spec. = Fire collar FC120|

IfcOpeningElement

Firestop class = EI120|

Local load capacity = 85 kN/m
Fire rating at opening = REI120]

Firestop seal

s(Wall) = 1.0 s(Opening) = 1.0 s(Duct) = 1.0 S(M) = 1.00

Figure 7. Saturation analysis of the MEP penetration after ontosaturation: all properties saturated with

determined values. Source: own elaboration.

It is worth noting that none of the four saturated properties could be determined at the level of
a single entity. The local load-bearing capacity of the wall required knowledge of the opening
dimensions. The class of the penetration required knowledge of the wall’s fire resistance class and
the type of duct. The sealing specification required knowledge of the penetration class, which in turn
required knowledge of the wall class. These properties form a network of interdependencies in which
the value of each is conditioned by the values of the others, which is the essence of the ontosaturation
mechanism.

4.3. Comparison with Conventional Validation

This subsection compares the results of the ontosaturation analysis with the results that would
be obtained by conventional BIM model validation mechanisms applied to the same installation
penetration scenario.

Clash detection performed on the analyzed section of the model would not reveal any conflict.
The ventilation duct does not intersect the wall because it passes through the modeled opening while
maintaining a gap on both sides. There is no hard collision (no intersection of solids), no soft collision
(the gap between the duct and the edge of the opening is greater than zero), and no process collision
(the schedule was not analyzed). From the perspective of a tool such as Autodesk Navisworks or
Solibri Model Checker, the model is correct. At the same time, four properties critical to fire safety
and structural integrity remain undefined because collision detection cannot identify them, as it
operates solely on geometry.

Attribute validation based on the MVD or IDS mechanism would verify whether each of the
three objects possesses the required attributes. The wall has a defined FireRating (REI120), material,
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and thickness. The opening has dimensions. The duct has a diameter and system affiliation. If the
requirements specification (e.g., IDS) were defined in accordance with typical practice, as a list of
required attributes for individual object classes, the validation would be successful. The problem is
that properties requiring saturation (local load-bearing capacity, culvert class, sealing specification)
are not typically included in MVD or IDS specifications, as they are not attributes of individual objects
but rather emergent properties that arise only in the relationship between objects.

Semantic validation based on SWRL or SPARQL rules could theoretically detect missing
properties if the appropriate rules were defined beforehand. For example, a rule such as “if
IfcDuctSegment passes through IfcWall with FireRating # null, then IfcOpeningElement must have
the attribute FirestopClass # null” would detect the absence of a firestop class. However, such rules
must be formulated manually, separately for each scenario and each pair of entities. They do not stem
from any general mechanism, as they are ad hoc fixes for a problem whose root cause is structural.

The proposed ontosaturation mechanism offers a different approach. Instead of defining rules
for specific cases, it introduces a general mechanism that identifies entities whose properties require
mutual saturation. The saturation cluster {IfcWall, IfcOpeningElement, IfcDuctSegment} is
automatically recognized based on existing IFC structural relationships (IfcRelVoidsElement,
IfcRelContainedInSpatialStructure) and the definitions of the saturated properties. An
ontosaturation-based validation system does not need to know the specific rule for service
penetrations, as it suffices for it to recognize that a given entity has properties whose value is
undefined in isolation from its saturants.

Table 1 compares the capabilities of three validation approaches with respect to the analyzed
scenario:

Table 1. Comparison of conventional validation mechanisms and ontosaturation for the MEP penetration

scenario. Source: own elaboration.

Validation criterion Clash detection MVD /IDS Ontosaturation
Geometric clash between duct and wall Detects

Presence of FireRating attribute in wall Detects

Missing firestop class in opening Not detected Not detected* Detects
Missing seal specification for duct Not detected Not detected* Detects
Missing local load capacity at opening Not detected Not detected* Detects
:tcitl)lr;smtency between firestop class and wall fire Not detected Not detected Detects

* MVD/IDS could detect these gaps if the respective properties were explicitly defined in the exchange
requirements specification, which in practice rarely occurs, as these are relational properties rather than

attributes of individual objects.

This comparison illustrates the complementarity of ontosaturation relative to existing
mechanisms. Clash detection, MVD/IDS validation, and ontosaturation do not compete with one
another but address different layers of model completeness. Clash detection verifies geometric
correctness, MVD/IDS verifies attribute completeness, and ontosaturation verifies relational
completeness. Only the combined application of all three layers provides a complete picture of the
informational quality of the BIM model.

5. Discussion

5.1. Implications for BIM Validation Tools

The ontosaturation mechanism, although presented in this article at a conceptual level, has direct
implications for the development of BIM model validation tools. The saturation index S(M) could be
implemented as an additional verification layer in existing model quality management tools, such as
Solibri Model Checker, SimpleBIM, or dedicated IFC validators. Implementation would require two
components: (1) a database of saturation rules defining which properties of which entities require
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saturation by which saturants, and (2) an algorithm for traversing the IFC relationship graph,
identifying saturation clusters and calculating the indices s(e) and S(M). The first component could
take the form of an extension to the IDS (Information Delivery Specification) [11] incorporating
relational information requirements, while the second could be implemented using existing tools for
graph analysis of IFC models, such as ifcOpenShell or libraries based on ifcOWL [18]. It is worth
noting that a similar approach—based on multi-criteria analysis of BIM object properties to optimize
the model—has been successfully applied in the context of identifying overloaded components in
BIM libraries [22], which confirms the feasibility of automatic analysis of relational properties in large
models.

The saturation profile proposed in subsection 3.3 could be incorporated into BIM process
documentation as part of the BIM Execution Plan (BEP) or Exchange Information Requirements (EIR)
in accordance with ISO 19650 [20]. Minimum saturation thresholds for individual information
exchange points would complement existing requirements regarding the Level of Information Need
in accordance with EN 17412-1 [21], adding a relational dimension to the currently used atomic
validation. In the long term, ontosaturation could be incorporated into future versions of the IFC
schema as a new relationship type (IfcRelSaturation) explicitly modeling saturation relationships
between entities, which would enable native support for this mechanism by BIM software without
the need for external validators.

5.2. Limitations

The proposed ontosaturation mechanism has several significant limitations that must be taken
into account when interpreting and potentially implementing it. First, the presented formalization
assumes that saturation relations are symmetric, as both entities mutually saturate each other’s
properties. In practice, there may be asymmetric cases where the property of entity A depends on
entity B, but not vice versa. The current definition does not fully cover such cases, although they can
be modeled as a degenerate case of ontosaturation with one-sided saturation. Second, the saturation
index S(M) treats all properties requiring saturation as equivalent, and the absence of a fire-resistance
class carries the same weight as the absence of a sealing specification. In reality, some saturated
properties are critical for safety (e.g., fire resistance class), while others are informational in nature
(e.g., the precise value of local load-bearing capacity). Introducing priorities or criticality weights for
individual saturated properties is a natural direction for extending the model, but it goes beyond the
scope of this article.

Third, the empirical demonstration was limited to a single scenario (a utility penetration through
a fire separation wall) involving three entities. Although this scenario is representative of multi-
disciplinary coordination problems, the mechanism has not been tested on large BIM models
containing hundreds of saturation clusters, where challenges related to computational scalability —
and in particular to the identification of clusters in dense IFC relationship graphs—may arise. Fourth,
ontosaturation requires prior definition of which properties of a given object class require saturation
and by which saturants. This definition is domain-specific because it differs for service penetrations,
fire zone boundaries, and acoustic relations. This article does not propose a complete taxonomy of
saturation relations for all fields of civil engineering, but only a formal mechanism and an example
of its application. Developing a comprehensive database of saturation rules would require extensive
collaboration with domain experts and constitutes a separate research task.

5.3. Future Work

The immediate focus of further research is the development of a prototype tool implementing
saturation validation on IFC models. The prototype could be implemented as a script in the
ifcOpenShell environment, taking an IFC file and a database of saturation rules (in JSON format or
as an extension of the IDS specification) as input, and generating a report with saturation indices for
individual entities and clusters as well as the global index S(M) as output. Empirical validation on
real BIM models, covering various building types, design phases, and levels of detail, would allow
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for verifying the mechanism’s scalability, identifying typical patterns of saturation clusters, and
calibrating the minimum thresholds proposed in the saturation profile. It would be particularly
valuable to compare ontosaturation results with the results of traditional coordination reviews
conducted by BIM teams to assess what percentage of errors detected manually by coordinators can
be identified automatically using the saturation index.

The second direction involves extending the taxonomy of saturation relationships to fields other
than fire protection. Natural candidates include: building acoustics (wall insulation — room sound
rating), energy efficiency (partition parameters—energy demand of zones), accessibility (door and
circulation parameters—accessibility class of rooms), and structural safety (loads—load-bearing
capacity of elements in the context of adjacent loads). Each of these fields generates its own saturation
clusters, the formalization of which would require collaboration with industry experts. In the long
term, it would be valuable to explore the possibility of automatically discovering saturation
relationships using machine learning methods—an algorithm could analyze large sets of BIM models
and identify recurring patterns of co-occurrence of undefined properties, indicating potential
saturation relationships without the need to define them manually.

6. Conclusions

This article introduced the concept of ontosaturation as a new mechanism of formal ontology in
the context of building information modeling. Ontosaturation occupies a distinct position in the
taxonomy of ontological mechanisms, between ontological independence and existential
dependence, describing a situation in which entities exist autonomously, yet certain properties of
them remain undefined without the mutual presence of other entities.

The main results of the article can be summarized in the following points. First, a gap was
identified in existing BIM model validation mechanisms, as collision detection verifies geometric
correctness, MVD/IDS validation verifies attribute completeness, but no mechanism verifies
relational completeness, i.e., the mutual saturation of properties between interdependent objects.
Second, a formal conceptual framework was proposed, encompassing: a saturated property, a
saturation relation, a saturant, a saturation cluster, the entity saturation index s(e), and the global
model saturation index S(M). Third, the concept of a saturation profile was introduced as a
complementary tool to the Level of Information Need (LOIN) in accordance with ISO 19650 and EN
17412-1, enabling the definition of minimum saturation thresholds for individual phases of the
project lifecycle. Fourth, the application of the ontosaturation mechanism was demonstrated using
the example of an installation penetration through a fire separation wall, showing that ontosaturation
identifies four unsaturated properties critical to fire safety and structural integrity that are not
detected by conventional validation mechanisms.

Ontosaturation proposes a shift in perspective in the approach to BIM model quality —from
atomic validation (is each object individually complete?) to relational validation (have co-occurring
objects mutually saturated their properties?). The saturation index S(M) provides a single,
interpretable metric of this completeness, scalable from the level of a single entity to the level of the
entire model. The saturation profile offers a framework for integrating this metric into existing
building information management processes, alongside geometric and attribute requirements.

Further research should include the implementation of a prototype validation tool, empirical
verification on real BIM models, and the extension of the taxonomy of saturation relations to fields
beyond fire safety, particularly building acoustics, energy efficiency, and accessibility. In the long
term, ontosaturation could be included in future versions of the IFC schema as a new type of
relationship, enabling native support for relational validation by BIM software.
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