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Abstract

Objective. In this paper, we aim at defining a general-purpose data nadkhuery language coping with
both “telic” and “atelic” medical data.

Background. In the area of Medical Informatics, there is an increasirdjzation that temporal information
plays a crucial role, so that suitable database models aewy danguages are needed to store and support it.
However, despite the wide range of approaches in the aréasipaper we show that a relevant class of medical
data cannot be properly dealt with.

Methodology. We first show that data models based on the “point-based” mgzaawhich is (implicitly or
explicitly) assumed by the totality of temporal Databasprapches, have several limitations when dealing with
“telic” data. We then propose a new model (based on the ‘mtdrased” semantics) to cope with such data, and
extend the query language accordingly.

Results. We propose a new three-sorted model and a query languagepgerfyr deal with both “telic” and
“atelic” medical data (as well as nontemporal data). Ourglanguage is flexible, since it allows one to switch
from “atelic” to “telic” data, and vice versa.

1 Introduction

In the area of medicine, an explicit management of the timendymptoms took place and clinical actions were
taken is needed to model the patients’ state (e.g., for distgnor therapeutic purposes [1]). Thus several data
models used to capture clinical data provide suitable suppoexplicitly deal with time (consider, e.g., [2], [3],
[4], [5]). Over the last two decades, the database commuagydevised many different approaches to model the
validity time of data (i.e., the time when the data holds .[@})particular, many temporal extensions to the standard
relational model were developed, and more than 2000 papessaporal databases have been published (see the
cumulative bibliography in [7] and recent surveys [8], [9[10], [11]). Recently, the TSQL2 approach has
consolidated many years of results into a single “consérawoach [12], which (in revision as SQL/Temporal
[13]) has been proposed to the ISO and ANSI standardizatiomdttees. Such database approaches are domain-
independent, so that they can be profitably exploited alswotel temporal data in medical applications. However,
recently, some papers pointed out that the lack of specifipatis makes the task of managing medical temporal
data quite complex. For instance, O’Connor et al. implem@i@hronus I, a temporal extension of the standard
relational model and query language with specific featwresdke the treatment of clinical data more natural and
efficient [14].

In this paper, we focus on temporal relational models andygjaeguages, showing that current approaches have
some limitations, so that relevant temporal phenomenaemikdical field cannot be adequately modeled. In
Section 2, we explicitly define the “point-based” semanticsl show that it is suitable to cope with a wide range
of medical temporal data. However, a model based on a paistdinterpretation of temporal data has severe
expressive limitations when dealing with an important €latdata, namely “telic” facts. In Section 3, we will
substantiate this claim by considering an example in thdecaéfield. We take TSQL2 as a representative example
of data model and query language, but analogous problesesiarihe other temporal relational approaches in the
DB literature (since all these approaches assume a possialsemantics). We then generalize from the example,
and settle the problem of dealing with telic (vs “atelic”xfain a more general environment. Sections 4 and 5
describe our solution to such a general problem. In padicuh Section 4 we propose a new data model and
semantics (hamely, “interval-based” semantics) to copk telic facts, and extend the query language (TSQL?2)
accordingly. In Section 5 we argue that both “standard”,(based on “point-based” semantics) and “telic” (i.e.,
based on “interval-based” semantics) models are needddhanthe query language has to be extended in order
to allow flexible “casting” operations to switch from one nebtb the other one, and vice versa. Finally, in Section
6 we describe alternative solutions and related works, m&gction 7, we draw some conclusions. While the telic
data model has been already presented in [19], where wepoged an extended three-sorted temporal algebra
coping with both telic and atelic relations, in this paper nave widely explored the impact of the telic/atelic
distinction on medical data, and we have extended the TSQkeB/danguage to cope with it.

2 Data Models and Data Semantics

As mentioned, many different database approaches havedeeesed in order to provide specific support to the
treatment of time. Although there are remarkable diffeesrizetween the alternative approaches, basically all of



them adopt the same data semantics: the data in a tempa@iidingk interpreted as a sequence of states indexed
by points in time (see, e.g., the discussions in [15], [1@], [13], [17]). We will call such a semantigwint-
based in accordance with the terminology adopted in artificiaeiiigence, linguistics and mathematical logic
(but not in the database area, where “point-based semahtéissa different interpretation [17], [18] and is often
used in relation to the semantics of tipeery language[19]).

It is important to clarify that in this paper we focus on dagansintics, and we sharply distinguish between se-
mantics and representation language; our distinctionasogous to the distinction between concrete and abstract
databases emphasized by [9]. For instance, in many apgreasiich as SQL/Temporal, TSQL2, TSQL, HQL,
and TQuel, and Gadia’s Homogeneous Relational Modelrgoral elemenfa set of time intervals) is associated
with each temporal tuple (or attribute), but this is only attexaof representation language, while the semantics
they adopt is point based [17].

2.1 “Standard” point-based approaches to TDB

In this Section, we exemplify the semantics vs represamtasisue, and the point-based semantics, starting from
a medical example.

Definition. Point-based semantics for data: The data in a temporaiaelistinterpreted as a sequence of states
(with each state a conventional relation: a set of tupledied by points in time. Each state is independent of
every other state.

As an example, let us consider a database representatidre dbllowing situation, involving three different
patients:

Example 1

Patient 1. Patient with chronic obstructive lung disease and hypaagpnesenting with episodes of atrial fibril-
lation (AFI+), submitted to telemetry monitoring. At tim@®:3B9 an episode of AFI+ is observed; after 5 minutes
the episode is still observed, and also after 10 minutes e persists, for 5 minutes.

Patient 2. Patient with chronic ischemic hearth disease, presenmtitigepisodes of atrial flutter (AFL+), submit-
ted to telemetry monitoring. At time 11:00 an episode of ARk-bbserved, after 5 minutes the monitor shows
sinus rhythm, and after 10 minutes a new episode of AFL+ isqrg lasting 4 minutes.

Patient 3. Patient with Wolf Parkinson White disease (WPW) and resnirepisodes of paroxysmal supraventric-
ular tachycardia (PSVT+), submitted to telemetry monitgriAt time 11:15 an episode of PSVT+ is observed,
after 5 minutes the sinus rhythm is restored.

The above data can be represented by relalidghD14 in the following, using the “interval-based” encoding of
the validity time proposed by TSQL2 and taking minutes astsc granularity [10]:

P.CODE| Type | VT
#1 AFI+ | {[10:39-10:43], [10:44-10:48], [10:49-10:58]
#2 AFL+ | {[11:00-11:04], [11:10-11:13]
#3 | PSVT+ | {[11:15-11:19]

Figure 1: Relatiord RD14

Alternatively, if a “point-based” encoding of the validitiyne is used (as, e.g., in BCDM [16], [12]), the same
data can be represented as shown in relalidtD24.

The key point is that, if the “standard” point-based sentanis used, relationd RD14 and H RD24 repre-
sent (in different ways) exactly the same semantic conitentthe one shown in Fig.3. Notice that the point-based
semantics in Fig.3 correctly cope with the temporal praps«tf the episodes in the example. In particudamvn-
ward andupward inheritance[20] are extremely relevant in this context. Roughly spegka property (or fact) P
has downward inheritance if, from the fact that P holds tgtoan interval of time I, one can correctly infer that P
holds over all time points/intervals contained I; P has uphisheritance if, given any two overlapping or meeting
time intervals | and J, the fact that P holds through | and Jigmphe fact it holds throughu J (i.e., the union of



P.CODE | Type | VT
#1 AFI+ | {10:39,10:40, ...,10:43,10:44, ... 10158
#2 AFL+ | {11:00,...,11:04,11:10,...,11:13
#3 | PSVT+| {[11:15,...,11.19

Figure 2: Relationd RD24

10:39 — < #1, AFI+ >
10:40 — < #1,AFI+ >
1053 — < #1, AFI+ >

— < #2, AFL+ >

Figure 3: Point-based semantics of the relatifhe D14 and H RD24

the two intervals). For instance, it is part of the semardfaspisodes of “atrial fibrillation” that if patient #1 had
AFI+ continuously from 10:39 to 10:43, from 10:44 to 10:4Bddrom 10:49 to 10:53 (with no interruptions):
(i) #1 had AFI+ at time 10:40 (that is, a particular minutejgtdownward inheritancg20] holds);
(ii) #1 had a 15-minute long episode of AFI+ (thugpward inheritance[20] holds);
(iif) X had just one episode of AFI+.
This fact clearly emerges if temporal queries about inaede and countability are asked to relatidi D14
(or, alternatively I RD24).
(1) Downward inheritance.
(Q1)Who had AFI+ at 10:40?
SELECT P.PCODE
FROM HRD14 AS P
WHERE P.Type ="'AFI+ AND
VALID(P) OVERLAP '10:40’
Answer 1:{< #1|{10: 39, ....,10 : 53} >}
(2) Upward inheritance.
(Q2) Who had one episode of AFI+ lasting more than 10 minutes?
SELECT P.PCODE
FROM HRD14 (PERIOD) AS P
WHERE P.Type = AFI+ AND
CAST(VALID(P) AS INTERVAL MINUTE) > INTERVAL "10' MINUTE
Answer 2:{< #1|{10: 39, ....,10 : 53} >}
(3) Countability.
(Q3)How many episodes of AFI+ did #1 have?
SELECT COUNT(P)
FROM HRD14 (PERIOD) AS P
WHERE P.RCODE="#1"’
AND P.Type ='AFI+
Answer 3: 1
Abstracting from the above example (see also the discugsisnbsection 3.4), facts for which the upward
and downward inheritance (roughly corresponding to “atiglcts” in Aristotle’s categorization) perfectly fit with
the standard “point-based” semantics adopted by datapaseaches.



3 Limitations of Data Models Grounded on the Point-Based Semantics

In this Section, we show that “standard” database appradudsed on point-based semantics are not adequate to
deal with telic (medical) facts.

3.1 Telic facts

As above, we illustrate the basic issue with an example, leugtvess that the same problems arise whenever data
models using the point-based semantics are utilized to h@od#iole class of data (hamely, Aristotle’s class of
telic data [21]; see the discussion below).

Let us consider, e.g., drug intravenous infusion (hendefdr.v.” for short). In some cases, the administration
event might stop suddenly (e.g., if the i.v. line falls outfldbe resumed immediately. In other cases, two succes-
sive i.v. (to be distinguished) of a given drug may be présadito the same patient, with no time gap between
them. In both cases, the two differenti.v. infusions (agaith no temporal gap between them) must be recorded,
since the process of restoring a phleboclysis requirescakstiaff intervention and is costly. On the other hand,
notice that the biological effect of the drug is only slighgif at all) influenced by a short interruption of the i.v.
(except in few well-known cases). This is the reason whyhatével of granularity of minutes (that we choose
for the whole clinical sample database), we model intefomgtas instantaneous events (i.e., the interruption is
simply expressed by stating that the i.v. ends on a time dgaand re-starts in the next one).

From a technical point of view, if a patient X had two i.v. isfans of drug Y, one starting at 10:00 and ending at
10:50, and the other from 10:51 to 11:30 (all extremes inetl)dwe cannot say that:

(i) X had a (complete) i.v. at time 10:31 (that is, a particutanute; thusdownward inheritance[20] does
not hold);

(ii) X had a one-hour-and-a-half-long i.v. of drug X (thugpward inheritance[20] does not hold);

(iif) X had just one i.v. (i.e., i.v. events amuntable and must be kept distinct one from another).

Definition. In accordance with Aristotle [21] and with the linguistiteliature, we terntelic facts those facts
that have andhtrinsic goalor culmination so that the three above propertiesrau hold, andatelic facts (e.qg.,
“patient X having AFI+ facts for which all the three implications (i)-(iii) aboveold [22].

In particular notice that upward and downward inheritanale$for atelic facts, butotfor telic ones.

The importance of properly dealing with telic facts haverbe@ely recognized in many different areas, spanning
from artificial intelligence to philosophy, from cognitiseience to linguistics [19] (see also the discussion in
subsection 3.4).

3.2 Limitations of point-based approaches

Now, let us use a standard (i.e., point-based) temporal DBefrto deal with i.v. infusion. For concreteness, we
use the bitemporal conceptual data model (BCDM) [16] (wlécte model upon which TSQL2 is based [12]),
in which the validity time is denoted with sets of time pointas an aside, even if we chose to use time intervals
in therepresentatiodanguage, as in Fig. 1, the problem discussed below woul@stiur, due to the point-based
semantics, as we'll discuss shortly. Hence, the use of BCBNbt restrictive: the same problem arises for any
data model that is based on the point-based semantics.)

For example, let us model the afore-mentioned patient X, indswcode #4.

Example 2

Consider the following temporal relatidhd L EBO“, modeling also the facts that patient #4 had an i.v. of drug
Z from 17:05 to 17:34, that patient #5 had two i.v. infusiofiZpone from 10:40 to 10:55 and the other from
10:56 to 11:34, and finally that patient #6 had an i.v. infasiof Z from 10:53 to 11:32.

This relation captures, among other facts, the fact thag drwas given by i.v. to patient #4 from 10:30 to
11:30. Formally, this semantics can be modeled as a funfibon time points to the tuples holding over such
time points (see Fig. 5).

On the other hand, this relation (its semantics) does naticapther relevant information, namely, the fact that
there were two distinct i.v. infusions, one ending at 10150 another starting at 10:51. Such a loss of information
becomes clear and explicit if temporal queries are constjeince, needless to say, answers must be provided on
the basis of thelata semanticéand independently of theata representation



P_.CODE | Drug | VT
#4 Y [ {10:00,10:01,...,10:50,10:51,...,11}3p
#4 Z | {17:0517:.06,...,17:34
#5 Z | {10:40,...,10:55,10:56,...,11.34
#6 Z | {1053,...,11:32

Figure 4: Relation? H L EBO4

10:00 — < #4,Y >
1001 — < #4,Y >
10550 — < #4,Y >
1051 — < #4,Y >

Figure 5: Point-based semantics of the relatitii L EBO in Figure 1.

3.3 Making semantic limitations explicit: queries

The most important problems arise, in our opinion, in casgiefies involvinglownwardandupward inheritance
andcountabilityof tuples. Again, we will use the TSQL2 query language, jodbé concrete, but we stress that
such a choice is not restrictive.

(1) Downward inheritance trivially holds on all data models based on point-based s#icg since the se-
mantics implies the validity of tuples over each point in thaidity time. Consider the following query over
the relation? H LEBO“ in Fig.4, where a relational table based on point-based strsasee Fig.5) is used to
model telic facts.

(Q4)Who had onei.v. of Y at 10:10?

SELECT P.PCODE
FROM PHLEBO” AS P
WHERE P.Drug ="Y’ AND

VALID(P) OVERLAP '10:10’

Answer 4:{< #4|{10: 00,...,11: 30} >}

Notice, however, that although #das havingand i.v. at time 10:10, it is not correct to infer that had a
(complete) i.v. at that time: the i.v. started at 10:00, andiegl at 10:50.

(2) Upward inheritance holds on all data models based on point-based semantics thie semantics implies
the validity of tuples over each point in the validity timeimplies the validity on the whole time interval covering
all of thent. This is not correct when dealing with telic facts such agrifusion.

(Q5)Who had one i.v. of Y lasting more than 60 minutes?

SELECT P.PCODE
FROM PHLEBO“ (PERIOD) AS P
WHERE P.Drug ="Y’ AND

CAST(VALID(P) AS INTERVAL MINUTE) > INTERVAL '60’ MINUTE
Answer 5:{< #4|{10: 00, ....,11: 30} >}

Since patient #4's two i.v. infusions of Y cannot be distiigiped at the semantic level, their validity time
is “merged together”, so that the above tuple is reportedugsud. Analogous problems arise when considering
qualitative temporal constraints between validity tinmsh as, e.g., theafter’ predicate in (Q6).

(Q6)Who had an i.v. starting after one of the i.v. infusions of Patent #47?

SELECT P2.PCODE
FROM PHLEBO* (PERIOD) AS P, P2
WHERE P.PCODE="#4" AND P.Drug="Y' AND

1From the technical point of view, within temporal databasgsroaches, upward inheritance is obtained by perforteimporal coalescing
[23] over value-equivalent tuples



VALID(P) PRECEDES VALID(P2)
Answer 6:< #4[{17: 05,....,17 : 34} >

Notice that the tuplesc #4|{[10 : 51,..,11 : 30]} >, < #5|{[10 : 56,...,11 : 34]} > and< #6|{[10 :
53,...,11 : 32]} > are not reported as output, even if they follow one of thesifos of patient #4 (the one which
ended at 10:50).

(3) Countability. Since there is no way to distinguish, at the semantic leeehporally contiguous value-
equivalent tuples, contiguous telic facts are “merged ttogyg, and one loses the correct count. Consider the
following query.

(Q7)How many i.v. did patient #4 have?

SELECT COUNT(P)

FROM PH LEBO# (PERIOD) AS P
WHERE P.RCODE="#4"

Answer 7: 2

In fact, in the point-based semantics, the validity timeraéival of the first tuple of relatio® H LEBO“ is
interpreted as the set of point$0:00,...,11:3D.

3.4 Generalizing the problem

It is important to notice that these problems are not relédeithe representatiodanguage, but to the underly-
ing (point-based) semantics. Indeed, several alternagmesentationsre possible, each maintaining the same
(point-based) semantics [12]. For instance, in TSQL2, atetival-based” representation is used, as shown in
Fig.6

P_.CODE | Drug | VT
#4 Y | {[10:00-10:50],[10:51-11:3Q]
#A Z | {[17:05-17:34}
#5 Z | {[10:40-10:55],[10:56-11:34]
#6 Z | {[10:53-11:32}

Figure 6: Alternativeepresentatiorof the relationP H L EBO4: the relationP H L EBO24

It is worth noticing that, even in case the relatiBitl L E BO24 were used instead ¢?H L EBO4, the same
results as above would be obtained. The same considerdsorcancerns the adoption of first normal form
[12], in which each timestamp is restricted to be a periodhwimestamps associated with tuples. As long as
the underlying semantics is point-based¢ch possible representatiarf the (telic) event that patient #4 had two
i.v. infusions of Y, one from 10:00 to 10:50 and the other frbén51 to 11:30, is equivalent to the first tuple in
PHLEBO*, and conveys the same content shown in Fig.5, i.e., thairgat4 had an i.v. of Y in each time point
within the whole span of time starting at 10:00 and endinglaBQ.

Moreover, it is worth remarking that, although until now weevke showed the impact of neglecting the telic/atelic
distinction on a specific medical example, problems suchhasonhes discussed above arise wheneatue-
equivalenttuples (i.e., tuples which are equal in their data part) eomiog telic data have temporal extents
that meet or intersect in time. This phenomena can occurimitive relations, such a®HLEBO“ and
PHLEBO24 in Fig.4 and Fig.6, but also, and more frequentlyderivedrelations. For examplgrojection

of a relation on a subset of its attributes (e.g., projectimgP H LEBO“ relation over the®_CODE attribute
only) usually generates several value-equivalent tuplith, possibly overlapping validity times. Consider, for
instance, the relation in Fig.7 (obtained by query (Q8)} member that, as long as point-based semantics is
used, the boundaries of meeting or overlapping validityeroannot be maintained by the semantics.

(Q8)

SELECT P.PCODE
FROM PHLEBO# AS P

Finally, notice also that removing some of the attributeads the only way of obtaining value-equivalent
tuples (with, possibly, overlapping validity times) in ded relations. For instance, if multiple calendars and
granularities are coped with [10], [24] switching from a fite a coarsetemporal granularityin the validity



P.CODE | VT
#4 | {10:00,10:01,...,10:50,10:51,...,11:30,17:05,17:061.7:34
#5 | {10:40,...,10:55,10:56,...,11:34,
#6 | {10:53,...,11:32

Figure 7: Relation? H L E BO# without the "Drug” attribute

time (e.g., from minutes to hours, or days; consider, e.g4])[can originate temporal overlaps that where not
present in the primitive data.

3.5 Aninter-disciplinary perspective of the telic/atelicdichotomy

In this subsection, we aim at looking at the telic/atelichditomy in a wider context, sketching some related
issues in the fields of philosophy, linguistic and artificreklligence, in order to demonstrate the generality of the
problem. This subsection may be skipped by non-interestdiars.

The distinction between “telic” and “atelic” facts datesckdo Aristotle, and has been faced within different
areas. In particular the subtle interplay between the wsliatelic dichotomy and the point-based vs interval-based
semantics has been studied in the area of linguistics angwa@tional linguistics.

Within the linguistic community, it is commonly agreed thmettural language sentences can be classified within
differentaktionsartclasses (e.gactivities, accomplishment, achievements and stat§&5]; also called aspectual
classes [26]) depending on their linguistic behaviour @irtlsemantic properties. These semantic properties
demonstrate that the semantics of the association of fatite¢ depends on the classes of facts being considered.
For example, [22] proposed the following semantic critéoidistinguish between states and accomplishments.

1. A sentence is stative iff it follows from the truth ofp at an interval | thaty is true at all subintervals of
| (e.g., if John was asleep from 1:00 to 2:00 PM, then he wa=epsht all subintervals of this interval: be
asleep is a stative).

2. A sentence is an accomplishment/achievement (or kinesis) iff it faltofrom the truth ofp at an interval
| that ¢ is false at all subintervals of | (e.g., if John built a houseskactly the interval from September
1 until June 1, then it is false that he built a house in anyrgebval of this interval: build a house is an
accomplishment/achievement) [22].

The property (a) for states has been often called downwdetitance in the TDB and Al literature (e.g., [24],
[20]). Notice that also upward inheritance holds over staiieJohn was asleep from 1:00 to 2:00 and from 2:00
to 3:00, then he was asleep from 1:00 to 3:00. Obviously, kierssart distinctions above have a deep impact
on the semantic framework one has to adopt to model the mgafisentences and of the facts they describe.
Point-based semantics evaluate the truth of sentencetimegpoints (see also the subsection 2.1). This semantics
perfectly works on stative facts: “John was asleep” in it@jnapove is true exactly for all time points within 1:00
and 2:00 PM. On the other hand, point-based semantics seebesihadequate to deal with accomplishments.
For instance, given (b), there is no specific time p@istuch that “John built a house” is true m “John built

a house” is true (or, in other words, occurred) exactly intthee interval from September 1 to June 1. This and
analogous observations led most researcher in Linguistizéging from the pioneering works in [27], [28], [22],
to criticize point-based semantics, which is not adequatketl with the semantics of accomplishments (while it
works well for states and activities), for which an intera@sed semantics is needed.

Different authors used different terminologies and mottelieal with this phenomenon. For instance, [29] based
their explanation on the fact that accomplishments are (gthm the Greek: “telos” meaning “goal”) in the sense
that they are characterized by the fact that they reach aication (goal, or telos), while states (and activities) are
atelic (from the Greek: 'a’ as a prefix indicates negatiome), do not have an intrinsic culmination. However, it is
important to notice that Steedman emphasized that the alstirictions are not about verbs or verb groups, nor
even about things that exist in the world, but rather abostdgtions of the world [30]. Thus, these distinctions
“...are conceptual tools of great usefulness in the phgbgoof action, the philosophy of mind, in ontology
generally, as well as in linguistics . .." [31]. Since “onetlbé most crucial problems in any computer system that
involves representing the world is the representationméti [32], this issue has had a significant impact on the



recent Al literature. In Al, many different techniques hdeen used in order to model the association of facts
to time, such as, e.g., reification (see, e.g., [33], [34] taedcriticism in [35]) episodic variables/ontological
promiscuity (see, e.g., [36], [37]) and modal temporalésdsee, e.g., the survey in [38]). For example, Schubert
and Hwang [36] introduced an episodic constant in order poagent explicitly any fact (termed episode) in the
world. For instance, in Schubert’s approach a fact such asd®an i.v.” could be represented as phlebo(el,X),
where el is a constant that uniquely identify the fact. Thissuch an approach, one can easily distinguish
between facts of the same type (and with the very same déealipeven if they occur in meeting, overlapping or
equal intervals of time.

Coming back to the core distinction between telic and atielats, it was first taken into account within the
Philosophical community, dating back to Aristotle, fromavh we derived the terminology. Going forward to
recent philosophical approaches, Bach [39] pointed otitétia and atelic facts are somehow two complementary
ways of representing reality. In particular, Bach showexd the dichotomy between atelic based view and the telic
based view of the facts in the world is just a counterpart efrttass-nouns versus class-nouns dichotomy. In the
same way as one can say that an object is composed by piecesavfah(in turn, each piece of material could be
conceived as a smaller object, at another level of grany)aai telic fact is composed by atelic ones.

These complementary ways of representing reality have l@sba substantial impact on the Al community,
where there is a long and still ongoing debate on whetherletter to model reality as a sequence of different
states (atelic based representatfpn) as a sequence of different events (telic based repeagemnt For instance,
McCarthy’s Situation Calculus [40] is a typical examplelod state based representation, while the Event Calculus
[41] an example of the event based representation. Thessignuof the relative merits of the two approaches
would lead us far away the main goals of this paper. Howetés,important to notice that, also in the Al field,
many researchers have stressed the fact that the state drade¢be event based ways to represent reality are
complementary, and in many cases one needs a flexible approadich both ways can be adopted (consider,
e.q., [33], [42], [34], [43], [44]). For example, in his sami approach, Allen [33] distinguished among
states, activities (termed processes) and accomplisisnftenined events). In his first-order reified logic, Allen
introduced three different predicates to associate factsrtes, and used an axiomatic approach to model the
downward inheritance property of states and the fact trairaplishments can be decomposed into activities. Itis
also important to remark that, in [45], [33], the truth offm¢represented by logical predicates) is evaluated over
time intervals, and not over time points (i.e., an intetvated semantics is adopted). Following Allen’s influential
approach, many Al approaches chose to adopt time intersdlasic temporal primitives (cf., e.g., the surveys in
[32], [46]).

In [20], Shoham has identified different temporal propertiefacts, including upward and downward inheritance.
It is worth noticing that the telic/atelic distinction issal present in the research about time oriented systems in
medicine since several year, even though the term “telicitisused and the distinction is not underlined in the
data modeling and querying, but is considered at the agjickevel (see, e.g [47] [48] [3] [49]).

Moreover, in the last years, the increasing need of sharmegiledge has motivated the appearance of approaches
proposing high-level domain-independent ontologies écf., the discussion in [50]). Many of these approaches
included (at least) the above distinction between telicaptic facts. A relevant example is the ontology devised
within the CYC project, a project at MCC in Austin and PaloA#tarted in 1989, which aims at encoding “the
hundreds of millions of facts and heuristics that comprisean consensus reality” [51]. In such an ontology,
they distinguish between processes (atelic facts) andig\elic facts) and model the fact that “Process is to
Events as Stuff is to Individual Objects” [51].

4 Dealing with telic data

Despite the generality of the issue, the telic/atelic detton has not had a specific treatment within the temporal
database field yet. In the rest of the paper we propose aohatthe problem.

2Notice that, as discussed in [16], “the natural extensicaainventional relation to a temporal relation encodessiastead that events”.
In fact, using the point-based semantics (as in BCDM) thalitete collects a set of snapshots of the mini-world [16]ptesents. In other
words, the mini-world has a state-based representatinoe i is represented as a set of states, one for each tengpagshot (time point) in
the database.



4.1 Telic data model

It is important to notice that the problems described in sabens 3.2-3.4 appear whenever a telic event (roughly
speaking: an event which behaves as described by poindi)(ij3 subsection 3.1: it haso downwardand
upward inheritancgroperties and it isountabl@ is modeled through a DB data model and query language which
are based on thpoint-based semantic$52]. In order to deal with telic events (which respect thetipalar
intervals, even if adjacent), a new data model and querylage are needed, basedioterval-based semantits
Definition. Interval-based semantics for dat@ach tuple in a temporal relation is associated with a stitnef
intervals, which are the temporal extents in which the fasidibed by the tuple occur. In this semantics the index
is a time interval. Time intervals are atomic primitive ¢, in the sense that they cannot be decomposed. Note,
however, that time intervals can overlap; there is no tataéoon time intervals, unlike time points.
In our data model we introduce telic relations.
Definition. Telic relationA telic relation is a relation that must be interpreted usingnterval-based semantics.
As an example, the relation in Fig.8 shows a telic relafithi L E BO” modeling our i.v. example.
Notice that, from theepresentation point of view, the relation? H L EBO” is identical toPHLEBO24 in

P_.CODE | Drug | VT
#4 Y | {[10:00-10:50],[10:51-11:3Q]
#A Z | {[17:05-17:34}
#5 Z | {[10:40-10:55],[10:56-11:34]
#6 Z | {[10:53-11:32}

Figure 8: RelationP H LEBO™

Fig.6; the difference betweeRH LEBO24 and PH LEBO™ is not one of syntax, but rather one of semantics.
If an interval-based semantics is adopted, each intervai@spreted as an atomic (indivisible) one (see Fig.9).
It is important to stress that the crucial point is not thesgrsepresentation(actually, relations® H L EBO24

[10:00—10:50] — < #4,Y >
[10:51 - 11:30] — <#4,Y >

Figure 9: Interval-based semantics of the relatiti L EBOT in Figure 8.

and PH LEBOT are identical from the representation point of view), bt thosen semantics.

If a point-based semantics is used for a telic facts (suckvasnifusion) relevant pieces of information are lost
(e.g., the distinction between the i.v. of patient #4 endin$0:50 and the one starting at 10:51; see Fig.5) while
such information is preserved when switching to an intebased semantics (see Fig.9, where the distinction
between the two i.v. is maintained)

4.2 Extensions to the query language

The preceding subsection focused on extensions to a tetmpodel to add support for telic relations. We now
show how these concepts can be added to an SQL-based temgpergllanguage. As we’'ll see, only a few
new constructs are needed. The specifics (such as using @ Aot as important; the core message is that
incorporating the distinction between telic and ateliadato a user-oriented query language is not difficult.
The first change is to support the definition of telic relasi¢tine default is designated as atelic). This can be done
with an “AS TELIC” clause in the TSQL2 CREATE TABLE statemeRbr example, in our extended TSQL2, the
telic relationPH LEBO™ can be defined as follows:

CREATE TABLE PHLEBO" AS TELIC(MINUTE)

S3This point, risen by [27], is now generality accepted withie linguistic and the Al communities (see e.g. [22], andtulsion in
subsection 3.5)



where minute is the granularity desired for the timestamp.
For telic queries, we propose the keyword “TELIC”. For exdenphe four queries (Q4), (Q5), (Q6) and (Q7)
could all be correctly written as TELIC SELECT ...As an exdmponsider (Q5’) in the following.

(Q5") Who had one i.v. of Y lasting more than 60 minutes?
TELIC SELECT P.PCODE
FROM PHLEBOT (PERIOD) AS P
WHERE P.Drug ='Y’ AND

CAST(VALID(P) AS INTERVAL MINUTE) > INTERVAL '60’ MINUTE
Answer 5”: {}

SincePHLEBOT is a telic relation, an “interval-based” semantics is usterefore, the two i.v. infusions
of Y of patient #4 are distinguished at the semantic levaithalidity time isnot“merged together”), so that no
tuple is reported in output (since noi.v. episode is more thae-hour long).

Analogously, all the “telic versions” of (Q4), (Q6) and (Q@¥pvide the correct results. Specifically, (Q4) would
return an empty result (since no complete i.v. episode oeduwat 10:10); (Q6) would return two infusions for

patient #4, one starting at 10:51 and one starting at 170&gd as one i.v. for patient #5 (starting at 10:56) and
one for patient #6, starting at 10:53. (Q7) query would recount of 3.

5 Athree sorted model and its query language

While in Section 4 we have described our treatment of tetitsfan this section we describe our overall approach
considering also atelic (and non-temporal) facts.

5.1 Need for atelic data model

Unfortunately, the telic model and query language in Sectidaken in isolation, are not powerful enough to deal
with all types of facts, and in particular, atelic facts. lecBon 3, we argued that a telic data model is needed.
Here we argue the reverse, that an atelic data model is atstede In fact, both kinds of data must be expressible
in a temporal model.

Using a solely telic model (and query language) to deal wigtiafacts such as earning a given salary, owning a
house, and so on, generate exactly the dual of the problesossiied in Section 3. Both downward and upward
inheritance properties hold for atelic facts; not consipthem causes loss of information. Consider, for instance
the atelic relation RD14 in Section 2, and suppose that the same data were represssitigch corresponding
telic relationH RD17, i.e., through an operation of:

CREATE TABLE HRD17 AS TELIC(MINUTE)

In such a way, although the same syntax (e.g., the one uségl i) Ean be used, an “interval-based” semantics
is applied. Notice that, for instance, itis part of the irded meaning of atrial fibrillation (“AFI+") that stating tha
patient #1 had AFI+ (without any interrupt) from 10:39 to 48; from 10:44 to 10:48 and from 10:49 to 10:53,
implies that #1 had a 15-minute long episode of AFI+.

Such a semantic assumption (as well as those concerningiindinheritance and non-countability) are auto-
matically captured if the data aboEtRD1 are represented by an atelic relation (i.e., by a relatisethan a
point-based semantics for data). On the other hand, sucimas®ns do no longer hold in case a telic relation
(i.e., a relation based on interval-based semantics f@)daich asf RD17 is used to represent the same data.
This loss of information becomes even more evident if we askigs onf RD17.

For instance, the query (Q2’) below gets no tuple in the anssitece, due to the interval-based semantics under-
lying the interpretation of telic relations (such AR D17), the validity times from 10:39 to 10:43, from 10:44 to
10:48 and from 10:49 to 10:53, although continuous, caneahérged together.

(Q2") Who had one episode of AFI+ lasting more than 10 minutes?

TELIC SELECT P.RCODE
FROM HRD1" (PERIOD) AS P
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WHERE P.Type = AFI+ AND

CAST(VALID(P) AS INTERVAL MINUTE) > INTERVAL '10’ MINUTE
Answer 2": {}

In summary, our data model supports btlic relations (to properly deal with telic facts) aratelic relations
(to properly deal with atelic facts), as well as “standaatEmporal relations (to deal with non-temporal facts).

5.2 Need for flexibility: coercion functions

Furthermore, in the queries, coercion functions are usefoilder to convent relations of the different sorts.

(Q9)Who had one (complete) i.v., while patient #4 was having\arf.Y?

As shown in Section 3, i.v. should be regarded as telic fatdsvever, when statingwhile patient #4 was having
an i.v. of Y we look inside the fact, coercing it into an atelic one. Thihés query involves two different ways of
looking at the tuples in relatioR HLEBOT. First, the i.v. infusions of patient #4 must be interpresschtelic
facts, since we are not looking for i.v. infusions that ocedrduring one of patient #4’s infusions, but, more
generally,while patient #4 was having an i.\{i.e., we are interested in i.v. infusions occurred durih@:pO0-
11:30] or during [17:05-17:34]). On the other hand, the infusions we are asking for must be interpreted as
telic facts, since we look foeach complete occurrenad them which is fully contained in [10:00-11:30]. For
example, we want patient #6 in our output, since patient #badwai.v. from 10:40 to 10:55, regardless of the
fact that patient #6 also had another i.v. from 10:56 to 11\8é thus need more flexibility: although each base
relation must be declared as telic or atelic, we need coerftinctions (TELIC and ATELIC) to allow switch
from one interpretation to the other at query time. Thus,unextended TSQL2 query (Q9) can be expressed as
follows:

TELIC SELECT P2.PCODE
FROM PHLEBO™ (ATELIC PERIOD) AS P,

PHLEBOT AS P2
WHERE P.PCODE="#4" AND P.Drug="Y’ AND

VALID(P) CONTAINS VALID(P2)

It is important to notice that, although the syntactic chesp TSQL2 are very limited, their semantic impact
is very relevant. In particular, the adoption of coerciondtions, in addition to the possibility of declaring rela-
tions both as “telic” and as “atelic”, involves a flexible appch, in which one can switch from “point-based” to
“interval-based” (and vice versa) semantics at query firds. an example, in Fig.10 we describe how the result
is obtained, step-by-step, from the query (Q9)

5.3 Examples

In the following, we present other examples of queries, tthier substantiate the need of a flexible approach
in which both telic and atelic models are used, and coerdiotise queries are used for switching between the
two at query time. Suppose we have a medical database cmgia@nmong others, the atelic relatiéghR D24
in Fig.2 (or HRD14, what has a different representation, but the same semzoriient) and the telic relation
PHLEBOT inFig.8.
The query (Q10) involves both a telic and an atelic relatiod aan be expressed in our extended TSQL2 as
follows:

(Q10)Who had an episode of AFI+ lasting more than 10 minutes, aatidbcurred before an i.v. of #5?
SELECT P.PCODE

4In the area of Linguistics, it is widely recognized that alilgh sentences, in their “neutral” form, can be classifielasor atelic, natural
languages provide different ways for switching from a tédi@n atelic view of a sentence, or vice versa [53], [29]. Retance, Moens and
Steedman [29] proposed a compositional approach to deterthé telic vs. atelic aktionsart of a sentence on the bdsis verb, aspect
and temporal adverbials. For example, in Moens and Steedmmentlel, progressive form naturally applies to atelic$geérmed processes in
their terminology). Whenever it applies to telic ones (cimated process), it coerces them to an atelic one, by stgppit their culmination.
Thus, for instance, “Roger ran a mile” denotes a telic fact] m “Roger was running a mile”, the progressive form cogricénto an atelic
one. Analogously, the in adverbial naturally applies tetizcts (“John ate an apple in 2 minutes”). When applied étiafacts, it adds them
a culmination, turning them into telic ones. For instanc@eks and Steedman noticed that “John ran in four minutest@@ct English
sentence (denoting an accomplishment) in a context whére iabitually runs a particular distance, such as a measuited
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PHLEBOT
ATELIC PERIOD(PHLEBOT)

DPHLEBOY) ==

P.P CODE=#4", ...

P

P2

P'J

CONTAINS

R1
l TELIC ...

Figure 10: How the result is obtained, step-by-step, froencthery (Q9)

FROM HRD24 (PERIOD) AS P,
(TELIC SELECT P2.PCODE
FROM PHLEBO?T (PERIOD) AS P2
WHERE P2.PCODE = ‘#5') AS P1
WHERE P.Type = ‘AFI+' AND

AND VALID(P) PRECEDES VALID(P1) AND

CAST(VALID(P) AS INTERVAL MINUTE) > INTERVAL '10' MINUTE
Answer 10:{< #1|{10: 39, ....,10 : 53} >}

This example shows the importance of having both atelidiceia (in this case:H RD24), with temporal
coercion, and telic relations (in this casBH LEBOT), on which temporal coercion must not be performed.
In fact, being atelic,H RD24 is interpreted using the point-based semantics, so thatcu&i5-minute long
validity time is considered (from 10:39 to 10:53), as intedd Analogously, being telic, relatioRH LEBO™
is interpreted through the interval-based semantics, atothie two different #5’s i.v.’s (from 10:40 to 10:55, and
from 10:56 to 11:34) are not merged together. Thereforéipia#l is in the result, since [10:39 - 10:53] precedes
[10:56 - 11:34].

As a further example, let us consider the query (Q11):

(Q11YWho had an episode of AFI+ during the time when patient #4 Waging an i.v.?”
SELECT P.PCODE
FROM HRD24 (PERIOD) AS P,
(SELECT P2.PCODE
FROM PHLEBO?T (ATELIC PERIOD) AS P2
WHERE P2.PCODE = ‘#4")(PERIOD) AS P1
WHERE P.Type = ‘AFI+' AND
VALID(P) DURING VALID(P1)
Answer 11:{< #1|{10: 39, ....,10 : 53} >}

This query exemplifies the need of coercion from telic toietdh fact, we have an inner view (*was having
ani.v.”) of a telic relation PHLEBOT).

The progressive formin (Q11) tell us that we are not inte@st an AFI+ contained in one of the i.v. episodes, but
we want to look at i.v.'s as a “continuous” atelic facts. Ihetwords, we do not want to maintain the distinction
between the contiguous episodes (from 10 to 10:50 and frosil1® 11:30), but we want to coalesce them
together. Such a coalescing is obtained through the coefeiced by theATELIC PERIODpart of the nested
query, which changes the telic tablRH LEBOT into an atelic one. As a consequence, the two consecutive i.v
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episodes (from 10 to 10:50 and from 10:51 to 11:30) are metagether by the nested query, so that the AFI+
episode of patient #1 (starting at 10:39 and ending at 10s58ijly contained into the resulting interval, and is
reported in the output of the query.

On the other hand, if we were interested in AFI+ episodes lwaie duringoneof the i.v. episodes, no coercion
would be needed in the nested query; in such a case, thewgrutt be empty, since AFI+ is not contained in any
of the three episodes of i.v. of patient #4 in relat®i LEBO™.

The central point is that the user needs to be aware of whattedation is telic or atelic, and also how that data is
to be manipulated. If the query language does not suppartlisiinction explicitly, all manner of problems arise,
as discussed in Sections 3 and 5.

6 Alternative solutions and related works

In subsection 3.5, we have sketched how the telic vs ateticoiomy has affected the research in the area of
linguistic and Atrtificial Intelligence. Although, to the seof our knowledge, the problem of properly modeling
telic vs atelic (medical) data has not been specificallyddneany approach in the database area, in the following
we sketch some alternative approach, that might appeaotider at least a partial solution to the problem.

First of all, it is worth mentioning that any approach trytegsolve the problem on the basis of tlepresentation
formalism (and not on theemantiaround) cannot work. For example, since most of the problismissed in
Section 3 derive from the fact that, in an atelic model, aygping or meeting validity times are “merged” (i.e.
coalescejitogether, one might try to solve the problem imposing a rakfirst normal form (1NF) [15] as, e.qg.,

in TSQL and in HQuel, so that just one time interval is asgedavith each tuple, instead of a set of intervals (i.e.,
atemporal elementl5]). However, as long as one adopts the point-based sé&sdot data, this transformation
alone does not solve the problem, since the coalescingiditydimes of value-equivalent tuples is not evident at
the representation level, but is present in the underlyamgantics (and, of course, queries must be answered on
the basis of the semantics of data, not of their representagintax).

On the other hand, approaches that use 1NF as above, andeeiogm coalescing of value-equivalent tuples, as
in SQL/Temporal, exhibit the same kind of problems discdsseubsection 5.1, since upward and downward in-
heritance would never hold. Basically, any “homogeneopgtaach in which upward and downward inheritance
hold on all relations (as in TSQL2), or do not hold in any rielatas in SQL/Temporal), will not be satisfactory
Neither will approaches that have to fix a priori on which tielas/attributes coalescing has to be performed and
on which not, with no possibility of changing this propertygaery time (cf., e.g., [24]).

Also temporal interpolation techniques, that derive infation for times for which no information is stored on
the basis of related information holding at different tini&8], could be useful. For example, Bettini et al. [24]
proposed to explicitly associate with each table a spetificaf the assumptions on the semantics of temporal
attributes (e.g., persistence of data), expressed in aaldenguage. At query time, such specifications are au-
tomatically merged with the user’s query in order to prouige correct results. Bettini also considered interval
assumptions, including upward and downward inheritanbégimhowever, are only studied in the context of eval-
uating the values of attributes whose validity time is espegl at different time granularities.

Finally, Chen and Zaniolo [54] use aggregate functionshsaslength and contains, to perform telic operations
on data assumed to be atelic. They also define the aggregatefucoalesto explicitly force upward inheritance
on data assumed to be atelic.

Using temporal interpolation facilities or aggregate fiimns, it may be possible to deal with the telic/atelic dis-
tinction, but requires significant effort to fit this distifan into a formalism not designed with this purpose in
mind. Instead, we feel that the atelic/telic distinctiors@scentral that it should be given first-class state in both
the data model and query language.

5For instance, an approach in which all relations are treasetklic (so that downward/upward inheritance is not diyesipported) and
queries are expressed in such a way that such inheritancecedfwhenever atelic facts have to be considered (e.desmig is performed,
to deal with upward inheritance) is technically feasiblet éxtremely complex, and user-demanding.
An illuminanting example of the additional complexity offgrssing coalescing in standard SQL queries is given in. [12]
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7 Conclusions

In this paper, we have argued that current database apm®hekie some limitations, so that an important class of
temporal medical data (i.eglic data) cannot be properly represented, and we have proposad three-sorted
model and a query language that overcome such limitations.

As regards future work, we envision the possibility of extiely also the conceptual level (e.g., the entity-
relationship model) to properly cope witklic (andatelic) facts. Moreover, we want to implement our approach
and apply in GLARE (GuideLine Acquisition, Representatiord Execution), a manager of clinical guidelines
which strictly interacts with different databases [55B]5

As matter of fact, the treatment of clinical guidelines didioges a very interesting and challenging application for
our approach. In fact, besides descriptions of the statatdmts and of diagnoses (which typically atelic facts)
clinical guidelines usually contain also a relevant numifetherapeutic or diagnostic) actions to be performed.
In general, most of such actions are goal-oriented. They, lfave an (explicit or implicit) goal or culmination,
so that they behave like telic facts. As a consequence, belib and telic facts have to be appropriately managed
by the databases supporting clinical guidelines appboati

Finally, although up to now we have only focused on the tafaic dichotomy, since it seems to us so prominent
in the human way of perceiving and describing reality (semrag§ection 3.5), we also would like to consider the
possibility of extending our approach to deal with otherpenal proprieties, such as the ones pointed out by [20],
temporal persistence, and interpolation functions [24].
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