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Abstract.  To achieve a human level of understanding of natural language, cognitive systems need a representation of knowledge that can distinguish nuances of meaning as well as preserve intended ambiguity.  Among the most important of the basic concepts in such a knowledge base are the representations for events and processes, and also for objects and substances.  Although each concept in these related pairs of concepts appears distinct intuitively and linguistically, the distinction is sometimes lost when the concepts are formalized.  In different ontologies one finds a variety of different representations for these four fundamental concepts.  This paper presents a new representation which uses an extension of dimensional analysis to qualitative dimensions to provide distinct and logically well-defined yet intuitively acceptable definitions for these four fundamental concepts, and specifies how they relate to other fundamental concepts in an upper ontology.  In this analysis, processes extended through time result in events, and substances extending through space constitute objects.  These representations are expected to be better suited than alternatives for representing the nuances of meaning in linguistic utterances.

1.  Introduction


The intuitive notion of an "event" is a concept which is fundamental to much of human reasoning, and a frequent topic of linguistic communication.  An event is a series of changes in real-world objects occur which have a more or less well-defined beginning and end (e.g. a movement, a decisive battle, the destruction of Gommorha, the 2000 Olympic Games) , and people can refer to such happenings as conceptual units which usually take the form of a noun, and can have properties which are expressed linguistically as adjectives.  Events may recur, in the sense that similar occurrences that can be categorized as belonging to the same class can have multiple instances in our real world of experience.  Thus we may attend many beautiful weddings, or view many thrilling parades, and it is reasonable to use the similarities between individual instances of such happenings to label them with a common name.  In order to represent such happenings in a computer database, so as to allow a computer to reason about them as accurately as people do, we need to be concerned with: (1) what actually happens to the physical objects participating in an event, as can be determined by measurements on the objects; (2) how such happenings are viewed by humans; as evidenced by the terms and phrases people use to refer to such happenings, when they communicate with each other in natural language; and (3) how our logical representations can capture all of the important aspects of both the physical reality as well as the common perception of such events.


Closely related to Event is the notion of Process, which also encompasses changes in objects over time, but contains more of an intuition of something happening at some point of time, and does not by itself specify a starting or ending point.  Thus the process John running may exist at any one of many points of time, in many different unrelated time intervals.  If we discuss the process of John running during some specific time interval, however (e.g. a race), what happens in that interval may be viewed as a discrete event.  According to this view, every process, extended over a particular time interval, gives rise to an event.  Conversely, every event is the result of some process.  Both of the notions of event and process are useful and frequently used, and give rise to alternate basic but distinct linguistic representations for something happening, respectively with or without being bound within some particular period of time.  We here present a formalization of this relation between Process and Event which captures the linguistic intuition within a precise logical specification.


There have been different opinions about the fundamental nature and linguistic representation of events.  A diverse selection of views regarding the linguistic labels for events, particularly with respect to the aspectual properties of event descriptions, has been presented in Higginbotham, Pianesi and Varzi [1].  Much of the analysis of Event and Process has been directed toward the identification of the participants in the events, motivated by the accessibility of the surface syntactical forms for such roles within linguistic utterances.  In the present paper the focus is not on the participants in an event, nor on causal relations between events, agents, and the properties of objects, nor on the syntactic forms taken by the participants, nor on the different types into which events can be classified, but on the fundamental question of how to represent what has changed in the course of an Event or Process, and how these two concepts are related.  This representation may be elaborated further to include such other aspects of events.

A Process is the formalization of the notion of something happening, without reference to a specific bounded time interval, (e.g. John is running).  This notion may be nominalized, and will then often be expressed in English as a gerund in the -ing form, (e.g., John’s running, the pleasures of cooking) without an article.  Properties of processes may be expressed as adjectives (strenuous running can cause . . .), or as adverbs (running strenuously can cause . . .).  By contrast, events do not take adverbial modifiers (e.g. decisively winning but not *a decisively win).  Linguistically and intuitively there appears to be a clear distinction between Event and Process, which should be reflected in our representations.  However, linguistic phrases are sometimes ambiguous, and might refer to either an event or its associated process, introducing some potential confusion .  In addition, because every process gives rise to at least one and potentially many events, and conversely every non-atomic event is the result of some process proceeding over time, there is an intimate logical and causative connection between the two distinct concept types which has led in some cases to the creation of ontologies where the distinction is unclear or absent.

The relationship between Event and Process bears a certain analogy with the relationship between the concepts of Substance and Object.  It has been noted that processes may be subdivided into temporal parts which still retain the same process identity, and quantities of a substance may be divided into spatial parts which still retain the same substance identity.  In English, substances are referred to by mass nouns, and objects by count nouns.  Thus the concept of a substance is qualitatively different from that of an object, and one may say that a certain object is composed of a particular substance (a bar of gold, or a rod made of iron).    From the linguistic evidence, there appears to be clear cognitive distinctions between process and event on one hand, and also between substance and object on the other hand.  But multiple objects and repeated processes make the distinction fuzzier.  Jackendoff [2] has observed that ". . . plurals behave in many respects like mass nouns, and repeated events behave like processes".   Others have noted some similarity between the intuitive and linguistic behavior of substances and processes.  For example, in their discussion of the CYC Ontology, Lenat and Guha [3] also note the similarity between the homogeneous behavior of both substances and processes, leading them to refer to a substance as "physical stuff" and a process as "temporal stuff".  As we shall discuss later, multiple objects and events can form quasi- homogeneous entities, provided that one can defocus one's attention from the individual entities and view the group at a level of granularity greater than the individual.  We will see that it is the selection of a level of granularity that can determine whether the same extended entity is viewed as homogeneous “stuff” or a collection of discrete individuals.

The above distinctions, when formalized, are sometimes less than clear.  The CYC Upper Ontology [4] released publicly  shows no clear distinction in its hierarchy between substance and object.  Specific substances are represented as some quantity of substance, (e .g. "plastic" is the collection of all instances of  a piece of plastic).  In CYC a process is represented as a subclass of event; e.g. an #$EnergyConversionProcess is a subclass of #$PhysicalEvent (though distinguished by also being an instance of #$TemporalStuffType). Thus the subclass relation between Process and Event confuses what should be a clear distinction.   In contrast, John Sowa [5] has suggested that a continuous process can be represented as a differential function, which accurately reflects the common mathematical representation of processes in physics and chemistry.  He then considers a discrete process as better represented as a series of events separated by states, and for computational convenience as a Petri Net.  The representation of Processes in the Situation Calculus, Event Calculus, and within the Process Specification Language has focused on representations of intuitively discontinuous processes which can be decomposed into atomic units of Event (or Action) and State (or Situation).  Sowa points out that such a discontinuous process can be represented as a Discrete Process and mapped into the representation of a continuous process, and this allows both views of Process to be represented within one consistent formalism.  Nevertheless Discrete Process is viewed as a subclass of Process.  We suggest here that such representations of discontinuous processes result from the unfortunate linguistic ambiguity of the word Process, which, in industrial settings is used as a synonym for Procedure, i.e. a specified series of Events which are designed to achieve some practical goal.  Although it is possible to specify a type of discontinuous process which is a subtype of continuous process, an industrial “process” which consists of a series of discrete steps is more accurately viewed as a mental object which is a plan created by some intelligent agent for a practical purpose, and which, when executed, gives rise to one or more PhysicalEvents.  A Procedure is related to a the PhysicalEvent is refers to by the act of execution.  A Procedure may be designed and never executed, and will never relate to a PhysicalProcess that actually occurs in the real world.  Thus one may specify a discontinuous process which is a subtype of continuous process, but an industrial “process” which is a plan consisting of a series of discrete steps is more accurately a subtype of Procedure.  One property of Procedures which set them apart from ordinary PhysicalEvents is that they may have contingent branches as a part of their specification.  Neither a PhysicalProcess nor a PhysicalEvent as defined in PUO can have contingent branches.  Thus a “Process” as defined in PSL is neither a PhysicalProcess nor a PhysicalEvent, in PUO but is a Procedure.


To formalize the above interpretations of Process and Event, we wish here to provide a small extension to Sowa's analysis to show that the intuitive distinctions between Process and Event can be represented so as to make the distinction clear and logically precise, yet accommodate both continuous and discrete process representations, while retaining the intuitive behavior expected from linguistic expressions and everyday experience.   To provide additional motivation for the analysis presented here, we use an extension of the techniques of dimensional analysis as used in the physical sciences, extending it to qualitative dimensions that can help clarify the differences that need to be preserved and properly represented.


In order to properly define Process and Event, certain other fundamental building-block concepts are required.  These are describe here briefly, and their preferred arrangement within a top-level ontology is suggested.  We then discuss the analogous relation of Substance to Object.  The atemporal objects defined in this way can also be related to the time-extended four-dimensional objects proposed by perdurantist philosophers as described by Loux [6].  However, discussing those relations would require considerably more space than is available here.  Some additional related definitions are contained in a longer document available on the Internet.3, or directly from the author.
2.  Representation Formalism
The definitions of the foundation concepts of Set, Class, Relation, and Subclass are those used in the Ontolingua [7] Frame-Ontology, and the details will not be repeated here, so as to focus on the aspects of representation that are most relevant to the distinctions we wish to make.   The logical relations and predicates will be expressed in the KIF [8] notation, using some of the SKIF extensions proposed by Hayes and Menzel [9], such as row variables.  The logical operators and, or, not, equals, implies, and the quantifiers, forall and exists are used as in KIF notation.  Some of the definitions of classes in this analysis use quantification over relations, and thus go somewhat beyond the usual first-order uses of the KIF notation.  These notations are not defined here.

In this discussion, the term "predicate" will be used to mean a logical sentence of the form (?R ?arg1 @arglist), where ?R is some defined Relation between entities in the ontology, ?arg1 is an argument which is an instance of an entity (corresponding to the domain of a binary relation), and @arglist is a row variable, being a list of other instances or classes of entities filling the other argument positions of the relation.

The hierarchy of the topmost classes of the ontology which are relevant to this discussion is presented in the longer paper3 as an indented list.
3.  Dimensional Analysis

The procedure of dimensional analysis is familiar to students of the physical sciences performing calculations in which measures expressed in physical units of measurement are multiplied or divided.  As one form of check on the correctness of the calculation, the dimensional units themselves are treated as algebraic symbols and are multiplied or divided for each corresponding manipulation of the numbers associated with the units of measure.  The resulting derived unit of measure, which is commonly some product or ratio of the fundamental units, can be compared against the expected resulting unit, as a precaution against some inadvertent miscalculation.  The Systeme Internationale recognizes seven fundamental physical units: kilogram, meter, second, mole, candela, ampere, and kelvin.  Other measures are either multiples of  these fundamental units or composite measures derived by multiplication or division of the basic units.  Physical measures are scalar, expressed as a real number followed by the unit of measure (e.g. 4.33 grams).  The derived unit density, for example, would have the units of kilograms per cubic meter (kg(m-3).  For our purpose in organizing the top level of an ontology we will use these basic units and also add the qualitative dimensions of AttributeValue, SubstanceType, and Object (which in some cases may be a composite dimensional unit).  Manipulations of these qualitative dimensions in an manner analogous to those with scalar physical dimensions can assist in clarifying distinctions among some of the most general concepts of an upper ontology.  AttributeValue is defined as the value of one the variable arguments of a predicate having some entity as its domain.  Such  AttributeValues may include quantifiable physical properties such as mass and velocity, or more intangible qualitative attributes such as monetary value, happiness, ownership, or existence.  Each SubstanceType is specific to some distinct kind of definable substance, of which there may be many millions.  Each  PureChemicalSubstance, for example, has a defined atomic composition and molecular structure, but in the real world almost all substances encountered (e.g. tap water) are mixtures of PureChemicalSubstance, and each such mixture will count as a different Substance on the SubstanceType dimension.  This is not a metric dimension, it is more appropriately considered as a composite dimension.  For the purposes of this discussion, the component dimensions need not be specified, and SubstanceType can be taken as a primitive.  The notions of AttributeValue and SubstanceType as dimensions are useful primarily for analyzing relations and specifying distinctions between higher-level concepts, and are not themselves logical components of the definitions, nor do they figure directly in reasoning about these higher-level concepts.  The qualitative dimension of PhysicalObject will be shown to be composable from PhysicalSubstance and Space.

As an example of simple dimensional analysis in physics, we can consider the formula relating force to acceleration, F=m(a, where the symbol "(" represents multiplication, the mass m is in kilograms, and the acceleration a is in meters per second per second (meter(second-2).  Thus the force F has the dimension kilogram(meter(second-2.  If one wants to calculate the amount of work performed by exerting a force through some distance d, the calculation requires a simple multiplication of force and distance (assuming the simplest case of movement in the direction of the force):  Work = F(d = m(a(d and the resulting units are kilogram(meter2(second-2, which is correct as the dimensions for the unit of work (or energy), the Joule.

For the qualitative dimensions we will use in this analysis, a group of entities of the same type will have the same qualitative dimension as the component entities.  Thus, a group of physical objects will have the qualitative dimension of a physical object.  A group of events will have the same dimension as a single event.  It is important not to use qualitative dimensions in this analysis literally as elements in mathematical calculations, as one can with the physical dimensions.  The analogy lies rather with the ability to combine dimensions precisely though non-mathematically, so as to recognize what entities are dimensionally incompatible with others.

4.  Basic Concepts

The basic concepts required to provide a rationale for the definitions of Process and Event can be only briefly described here.  The basic concept classes required, in addition to the fundamental ones adopted from KIF, are: Object, Attribute, Group, System, Time, Function, State, GrainSize, PhysicalSubstance, and Space (for PhysicalObjects equivalent to Volume).  From these the entities Process and Event can be derived.  Other more abstract concepts may be used to define the basic concepts of concern here, but that analysis is not needed for the present discussion.  The topmost concept class, of which all other concept classes are subclasses, is here labeled Entity.

4.1  Object:  Object is a primitive notions in most ontologies, and is at the topmost level of the PUO ontology (Proposed Upper Ontology), which embodies the ontological principles discussed here.  Nevertheless, in this analysis, the qualitative dimension of  Object will be shown to be a composite dimension, with the more primitive dimensions of SubstanceType and space as components.

Every Object must have at least one attribute (which can be a location), and is disjoint from Attribute, Predicate, Event, Process, State, and Space.  Attributes may modify Objects, Processes, Events, or other Attributes, but an ObjectAttribute (a type of AttributeValue) must modify some Object.  Formally, the fact that Object is disjoint with Attribute can be represented by the predicate: 

(disjoint Object Attribute)

.
A PhysicalObject is an Object that has mass and exists in space-time.

4.2  Attribute:  Each Attribute necessarily relates to some other Entity, and cannot exist independently.  The values of Attributes which may change over time are sometimes called fluents, and the values of such attributes are the ones that are of interest in defining Processes and Events.  The value of an Attribute, the AttributeValue, is one of the basic qualitative dimensions used in this analysis.

The most common relation in the PUO that relates objects to their attributes is the ternary relation hasAttribute, for which the arguments are an instance of Entity, a class of Attributes, and an AttributeValue which is an instance of that class of attributes.  Generally, the hasAttribute relation as applied to Objects has the form:

(hasAttribute  Object  ObjectAttributeType  ObjectAttribute)

The argument "ObjectAttributeType" specifies a class of attributes, and "ObjectAttribute" specifies an instance of an attribute.  For example, to say that a car Car0123 has a color which is "InfernoRed", the predicate would state:

(hasAttribute  Car0123  SurfaceColor  InfernoRed)

 . . . where InfernoRed is an instance of SurfaceColor.  Some attributes have quantitative AttributeValues which are composed of more than one component, such as measurements, which have a quantity plus a unit of measure.  Such AttributeValues may be reified to fit in the above formalism.  Alternatively, they can be represented as higher-arity relations, as below:

(hasAttribute  Rocket0123  AltitudeAboveSeaLevel  35.7  Mile)

Predicates that relate to real-world situations (as contrasted with terminological definitions) will contain some reference to the time point or interval at which the assertion is true.  They may be contained within a wrapper provided by a special type of predicate which is an Assertion, or alternatively Time may be a required element in the predicates on physical objects.  In the latter case the predicate might take a form as below, with the time as the last argument:

(hasAttribute  Rocket0123   AltitudeAboveSeaLevel   35.7   Mile   GMT2002Jan06:10:54.345)

In either formalism, the set of AttributeValues (e .g 37.5 miles) of such predicates at different points in time may be represented as a function which specifies the value of the attribute at each point in time.  A continuous process may be represented as such a function, as discussed by Sowa[5].

4.3  Group:   A Group as defined here is an assemblage of one or more component entities, may be defined either extensionally or intensionally, but is not a type of mathematical set.  The special functions that are used to represent physical processes are instances of PhysicalGroup; a subclass of Group.  These functions are similar in some respects to the relations defined in set theory, but they are not mathematical objects and they have a location in space-time.  Like the processes and events they represent, instances of such groups may be described by attributes appropriate to physical entities.  One restriction on Group is that no Group can be a component entity of itself.  Formally, Process and Event are subclasses of PhysicalGroup.

4.4  System:   A System is a Group of Objects plus their Attributes and all relations between the component Objects, and the Processes involving those Objects.  A System may have one or more than one Object. and the Objects may be composed of parts (which are not defined here).

The objects in a system may have predicates relating them to objects outside the system, and their relations to those objects may be significant in the analysis of processes.  However, the properties of objects outside the system are not an element of the state of a system, and are not considered as directly affecting the processes within the system.

4.5  Time:   Time is defined here as a physical metric dimension, isomorphic to the real line.  Unlike the spatial dimensions, time is measured by a clock.  Intervals of time may be open, closed, or open on one end, but in all cases the size of the time interval is determined by the difference in the values of the time points which define the two ends of the interval.  Each TimePoint is contained within some TimeInterval.  Other relations of time intervals are as described in the DAML-Time ontology [12]. 

4.6   Function:   A Function is a Relation for which there is only one instance of the first argument for each instance of the set of remaining arguments.  A Relation is defined similarly to relation in KIF, but is a subclass of Group (rather than MathematicalSet) and is not an abstract entity, but can have location in space and time.

4.7  State:   A State of a System is the group of AttributeValues for the attributes  (e.g. temperature, location, rate) of the objects and processes in that System.  This differs from the use of this term in PSL [10] and certain other ontologies.  For a PhysicalSystem, the less ambiguous term would be InstantaneousState which is the set of values at one TimePoint for those AttributeValues.  Time is defined by a clock which may be outside the system.  The most important predicates will in general be those assigning attributes (such as quantity, location, and physical properties) to the objects and specifying the relations of objects in the system to each other.  This definition of InstantaneousState is similar to the notion of Situation in situation calculus, but differs in its precise relations to other entities.  Two important subclasses of InstantaneousState are BeginningState and EndingState, being respectively the InstantaneousStates holding at the TimePoint which defines the BeginingPoint and the state at the EndPoint of an Event.  At the user's discretion, only a subset of such predicate argument values may be used, namely those that are to be modeled in a cognitive system.

4.8  GrainSize:   A GrainSize is either a unit of a metric space, or some number of entities, which sets a lower limit on the size of an entity in order for it to be considered homogeneous.  The example in the next section shows how it is used with PhysicalSubstance.

4.9  PhysicalSubstance:   A PhysicalSubstance is, unlike in CYC, not considered as a piece of some substance (e.g. gold) , but something more abstract.  PhysicalSubstance is one of the qualitative dimensions, which can be used as a primitive concept which is intimately connected to the concept of an Object.  It is intended to be homogeneous, and is thus dependent on the notion of granularity – it has an associated grain size, and an object can be composed of a particular substance only if the object is several times the grain size of that substance.   If a PhysicalObject does not extend at least four grains (of some PhysicalSubstance) in each spatial dimension, it must be considered as a collection of individual objects, and not composed of that PhysicalSubstance.  Thus a PhysicalSubstance cannot in general be indefinitely divided and still remain the same substance.  This concept of Substance is unrelated to the Substance  of Aristotle, e.g. as described by  Loux [6]. 

Where the ontologist wishes to represent a Substance as continuous (e.g. for simplified mathematical treatment), the grain size of that Substance for that object may be set to zero.  This permits the use of functions which are densely continuous  in the mathematical sense.  In many situations, the calculations thus performed are accurate to within the limits of measurement and can be viewed as approximations to some (perhaps unknown) more accurate theory.

5.  The Representation of Process and Event

With the above concepts, we can now define Process and Event in a way that clearly distinguishes between them while preserving the intuitions contained in several earlier representations.


Following Sowa [5] we will consider a ContinuousPhysicalProcess as being a Group of Functions describing the InstantaneousState of a system as a function of time, and whose granularity is zero for both Time and AttributeValues.  The rate of change of the AttributeValues of a System would be the derivative of that function..  The present representation differs somewhat from Sowa's in the manner in which periods of stasis (time intervals with no change of attribute values) are represented.  As specified in the definition above, the InstantaneousState of a system is the set of all those AttributeValues that the ontologist chooses to represent, at a particular TimePoint.  Those AttributeValues will be the values of the arguments of certain predicates in which an object or process of the system is an instance of the predicate domain.  Each distinguishable process (e.g. rusting) will have distinctive and characteristic changes in the values of specific arguments as a function of time.  A PrimitiveProcess would be the function describing the changes with time for only one of the AttributeValues of that System.  These values are what are called the "fluents" in some other representations, i.e. those attribute values which change over time as a process progresses.  A ComplexProcess will be a Group of Functions representing changes with time of more than one AttributeValue.

As mentioned above, an event is intuitively understood as some change or changes occurring in a system within some bounded time interval.  It follows that any two time points within the time course of a process can be used to identify the boundaries of a named Event.  The event would consist of all the perceptible changes during that time interval.  This definition can be used to represent a diverse array of events, and it is the definition of PhysicalEvent which will be used here.  Sowa also notes that arbitrary time points may be marked in the representation of a continuous process, but he does not specifically identify the intervals between such points as defining individual events.

The suggestion that arbitrary Events may be defined as a result of a continuous Process at first may seem to violate the intuition that events should have reasonably well-defined starting and ending points, and for many events that intuition is true.  It is natural that a naive person or an ontologist choosing to define a specific event will use beginning and ending time points that have some significance, usually periods of relative stasis for the variables of interest.  But there is no compelling reason to create any restriction in this ontology against using arbitrary starting and ending time points for Events.


The relationship between a Process and an Event in this representation therefore may be expressed by saying that operation of a Process over some interval of time results in an Event: (hasResult Process Event TimeInterval).  Conversely, every Event is the result of some corresponding Process operating over some interval of time.


The dimensional analysis of these definitions will help to make the difference between PhysicalProcess and PhysicalEvent more distinct.  The distinctive character of a PhysicalProcess is the change of specific values of attributes over time.  Its “dimension” would therefore most appropriately viewed as change of AttributeValue per TimeInterval.  The resulting conceptual dimension is therefore AttributeValue(TimeInterval-1.    This conforms to the representation of Sowa [5], where differential equations are recognized as the appropriate mathematical specification for many continuous physical processes.   A PhysicalEvent, however, is the totality of all changes that occur within a time interval, i.e. a Group of changes in AttributeValues.  Changes in both attribute values and time intervals are involved.  Representing an Event as a group of changes suggests the mathematical analogy of an integral function of the associated Process, which would give a dimension of AttributeValue(TimeInterval.  This, however, would be misleading since it would suggest that a change of twice the magnitude in half the time of another change would be an equivalent event.  The time dimension is important, not only in the magnitude of the interval, but also in its absolute location on the time line.  A simple arithmetical summation of the two units involved is also precluded by the incommensurable units for attributes and time.  The appropriate conceptual dimension for PhysicalEvent, then should be a complex concatenated dimension, specifically the pair (AttributeValue, TimeInterval).  As emphasized in the introduction, these conceptual dimensions do not participate directly in any logical inferencing processes, and should not be viewed as providing information about the physical nature of the Events and Processes represented, but they can be useful to help tease apart the subtly interrelated conceptual elements contained within these fundamental concepts.  The important point is that the conceptual dimensions of Process and Event are different, and neither class can be a subclass of the other.


The above analysis focused on continuous processes, where the GrainSize is zero for both AttributeValue and TimeInterval.  For realistic physical processes, there is some minimum measurable difference in both attributes and in time.  These minimum values serve in effect as the GrainSize for PhysicalProcesses.  If the differences in all of the relevant attributes of a process are always measurable within the smallest represented time interval, the process will appear to be homogeneous, i..e. the process may be divided down to the grain size, and the nature of the process will appear to be similar within each division..  This is the sense in which processes appear to be divisible, like substances.  It will be true only if the grain size is small enough so that each measurement shows some change in all the AttributeValues whose changes define the Process.  However, if all attributes remain constant for some measurable time interval, the Process may appear to be discontinuous, i.e. periods of change followed by periods of stasis.  A DiscontinuousProcess includes periods of stasis (the NullProcess) and is not homogeneous.

It is necessary here to emphasize that these logical structures are only representations of reality chosen to serve a specific purpose.  They are abstractions that leave out some details of reality.  The ontologist is therefore free to choose the grain size that suits the purpose at hand, and where one ontologist may choose a grain size that makes a process effectively homogeneous, another may choose a larger grain size that makes the represented process discontinuous.  The representations will be logically consistent, provided that the grain size is explicitly stipulated, as required for every Process.

5.1  Special Cases of Event

It is often not necessary for an ontologist to be concerned with the details of the process that produces a PhysicalEvent, but only with the difference in the InstantaneousStates at the beginning and ending TimePoints of the PhysicalEvent.  Such an Event may be treated as an AtomicEvent, i.e. one in which only the before-and-after states are represented explicitly.  Where one application developer may be interested only in the results of an explosion, for example, an explosives expert may be concerned with the millisecond-by-millisecond progress of the detonation and the details of how its effects are generated.

A special and problematic case of AtomicEvent is the idealized and physically unrealistic but sometimes useful concept of an instantaneous PhysicalEvent,  which might be viewed as the result of a PhysicalProcess that takes zero time.  However, allowing such a PhysicalEvent could cause a logical contradiction, if a PhysicalSystem were allowed to have two different attribute values at the same time point.  If an InstantaneousEvent is properly defined, such a contradiction can be avoided.  But for conformance to physical reality, every PhysicalEvent should be represented as taking place over some non-zero interval of time, which can be smaller than the smallest measurable time interval, provided that the beginning and ending time points are never considered as identical.  The PhysicalProcess that produces that PhysicalEvent must operate within that non-zero TimeInterval.


A special, limiting case of a continuous Process may be termed the NullProcess, i.e. a PhysicalProcess in which no AttributeValues for the System change by more than the specified GrainSize, within some TimeInterval.    A linguistic label might be “stasis” – nothing is happening.  A NullProcess operating over some period of time will result in a special, limiting case of Event, the NullEvent, i.e. an Event during which no relevant AttributeValues change.  This NullEvent is identical to what has been called a State in certain process representations, such as PSL and in the Petri Nets described in Sowa [5].  Hobbs and Pustejovsky [11] also consider states and circumstances as a subtype of Event.  For the sake of making the terminology of the PUO ontology closer to that of other treatments, the NullEvent  could also be assigned a synonym, a “PersistentState”, with no difference in meaning.  Regardless of the terms used, the basic concept, that some attributes of objects may remain unchanged over time, is the same and can in all cases be represented as a ContinuousProcess with null changes.  This concept will be useful in analysis of discontinuous processes.

6. Discontinuous Processes

To the extent currently measurable, at the fundamental physical level all physical processes are physically continuous in time, although when observing instruments have insufficient resolution, certain events may appear instantaneous.  Nevertheless, many important processes and practical procedures seem to be naturally decomposable into discrete periods of time when something significant changes, followed by periods when no significant change occurs.  Sowa [5] has provided a summary of the various ways that such decomposable processes ("discrete processes") may be represented, as alternating units of Events when some perceptible change occurs, and States when no significant change occurs.  As mentioned above, the States (intervals of time when specific fluents are "constant") are logically indistinguishable from NullEvents.  Thus a series of Events interspersed with NullEvents is, in the view of our proposed ontology, actually a ComplexEvent, and has the conceptual dimensions of PhysicalEvent.  The "discrete process" represented by Sowa as Petri Nets would, in our view, be a subclass of PhysicalEvent, with the same conceptual dimension.  The representation of discrete processes as Directed Acyclic Graphs is consistent with the above representation of all PhysicalProcesse as fundamentally continuous.  Though the each discrete process would, in the current view, be a subtype of PhysicalEvent , it can be mapped to a continuous process by an Embedding as described by Sowa.  The difference in terminology can be resolved by agreement on the use of appropriate synonyms for the same concepts.

7. Substance and Object

The familiar "substances" of everyday life, such as water, air, steel, milk, glass, or coffee, have been represented in different ways in different ontologies.  Linguistically, they are treated as mass nouns rather than count nouns, and to reflect this distinction, an ontology should be able to discriminate substances from objects.


In CYC substances are represented as the collection of all objects consisting of that substance; e.g. for glass, the CYC documentation states: "Each element of #$Glass is a piece of glass; e.g., a wine bottle, a plate glass window, a microscope slide, a crystal water goblet, the mirrors of a reflecting telescope."  Thus the class "#$Glass" in effect is a class of all pieces of glass; and this representation is similar in CYC for other substances.  The distinction between objects and substances in CYC is not directly reflected in the hierarchy, but is achieved by assigning specific classes as instances of either #$ExistingStuffType or #$ExistingObjectType.  We feel that such indirect assignment of important properties unnecessarily obscures their meaning, and for clarity believe that substances and objects should be differentiated within the class hierarchy.  More seriously, the assignment of one entity as a subclass of another of different conceptual dimension risks creating a logical inconsistency.


To achieve the clear differentiation of PhysicalSubstance and PhysicalObject we consider a PhysicalSubstance to be an Entity which is one point in a qualitative dimension of PhysicalSubstanceType, and a quantitative dimension of Density.  The conceptual units would therefore be PhysicalSubstanceType(Mass(Volume-1.  As a concept which has an associated property of homogeneity, each substance must be associated with a specific granularity.  Therefore a PhysicalObject which is composed of some PhysicalSubstance, a must have a size of at least four GrainSizes in each length dimension; otherwise it must be viewed as an aggregate of individual objects or parts.

For each case of a homogeneous PhysicalSubstance (e.g. water) there are two associated concepts, a QuantityOfSubstance and a PhysicalObject.  A QuantityOfSubstance corresponds to some volume of space filled with that substance.  For a PhysicalSubstance, i QuantityOfSubstance would have a mass which is the product of its density times the volume occupied by the PhysicalSubstance, (e.g. ten milliliters of water having a mass of ten grams).  This concept, however, represents only a generic quantity of that substance, of which there may be may instances.  A homogeneous PhysicalObject is formed by a QuantityOfSubstance which fills some specific region of space, e.g. the 200 ml of water sitting in a specific glass on my table, or the thirty ounces of wood in my baseball bat..  Both of these concepts have the same qualitative dimension: 


(SubstanceType(Mass(Volume-1) (Volume = SubstanceType(Mass

A homogeneous PhysicalObject can be divided, and the result would be two PhysicalObjects of the same composition, and if the object is large enough, two quantities of the same substance.   But the division process may not go on indefinitely, and it will fail when it reaches the level of the grain size of the substance.


This representation of PhysicalSubstance provides a natural and precise way to represent mixtures of substances, whether macroscopically heterogeneous, such as cement, or microscopically homogeneous, such as aqueous solutions.  The details are beyond the scope of this paper.

8. Conclusion

The use of conceptual dimensional analysis for Event and Process helps to clarify the distinction between Process and Event that is evident in linguistic utterences.  The suggestions above for representation of the relation between Process and Event can form a firm logical basis for reasoning about what actually happens in all kinds of processes.  A working demonstration of the use of this representation in a practical computational system, has not yet been attempted, however, and this fundamental ontology has as yet not been shown to be superior to others previously suggested.
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