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FORMAL SPECIFICATION OF MULSEMEDIA OBJECT’S DIGITAL TWIN BASED
ON DISCRETE INTERVALS TEMPORAL RELATIONS

The article proposes a modification of the relations between discrete intervals, which makes it possible to formally
determine the relationship between sets of temporal data of different modalities for the formal description of a mulsemedia object 's
digital twin model. A mulsemedia object is a physical object, the state of which is recorded using a set of sensors to form a
temporal multimodal digital description that comprehensively defines the object as a person perceives it through the senses. A
digital twin of a mulsemedia object is a complex software model of this object, which is designed to predict the possible states and
behaviour of the mulsemedia object. The formal description of a mulsemedia object is based on data obtained from a set of
sensors, each of which captures information of a certain modality. To combine these data into a single object specification, a
temporal relationship must be established between them, since data from different modalities can be registered and be meaningful
for the research in different periods of the object s observation. Qualitative determination of the temporal relationship between sets
of data can be done using relations between discrete intervals ("Is Before", "Is After", "Coincides", etc.), but quantitative
determination (for example, "How much before") using existing relations discrete intervals are impossible. Therefore, the article
proposes to consider existing relations of discrete intervals as qualitative relations, at the same time, introducing their modification -
quantitative relations of discrete intervals. The use of quantitative relations of discrete intervals will make it possible to simplify the
development of digital twin technology software by improving the quality of the formal specification of data structures that
comprehensively reflect interconnected sets of temporal multimodal data obtained in the process of monitoring mulsemedia objects.
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€rrenis CYJIEMA, Imutpo PBAY

aIfioHaNbHUN TeXHIUHMI yHiBepcuTeT YKpainu « KuiBchkuil momiTexHidHui iHCTHTYT iMeHi Iropst CikopchKoro»

P®OPMAJIBHA CHEU®IKALIS HUPPOBOTO JBIMHUKA
MYJBbCEMEIAIMHOI'O OB’€EKTA HA OCHOBI KIVIBKICHUX BIIHOIIEHD
JAUCKPETHUX IHTEPBAJIIB

Y crarri 3anponoHoBaHo MOAN@IKaLito BIAHOLLEHE ANCKDETHUX IHTEPBA/IB, KA AA€ 3MOry OpMasibHO BU3HA4YaT 3B 30K
MK Habopamu  TEeMIIOpaibHuX JaHux DPiBHUX MOJA/IbHOCTEN A/1S  QOPManbHOrO OrmMcy MoAeti  LM@poBOro  ABIVMIHMKE
MYJILCEMELIMIHOrO O6'€KTa. 14 MysIbCUMELIVHUM O6'EKTOM PO3YMIETLCS QDi3nYHMA O6'EKT, CTaH SKOro QIKCYeTbCa 33 [OMOMOro0
Habopy ceHcopi A1 QOPMYBAHHSI TEMIIOPA/IbHOMO MyJibTUMOAE/IbHOMO LMGHPOBOIO OMUCY, SIKMY KOMITIEKCHO BU3HAYaE O6EKT
1104I6HO A0 TOro, K BiH CrIPMAMAETECS JIOAUHOIO Yepe3 Opranu YyTTs. Lingposmi ABIVIHUK My/IbCEMELINIHOrO 06'EKTa € CKIIGHEHOK
NPOrPaMHOI0 MOJE/UTIO LbOro OO€KTa, SIKa NMPU3HAYeHa AU1S MPOrHO3YBaHHS MOXIIMBUX CTaHIB Ta MOBEAIHKYU MyJibCeMEAMIHOro
06°ekta. DopMaribHI OC My/IbCEMELINIHOrO 06 '€KTa BiABYBAETLCS Ha OCHOBI AaHNX, O OTPUMYIOTLCS 3 HABOPY CEHCOPIB, KOXeEH 3
SKknx QIKcye [HGopmaLilo nesHoi MOAasIbHOCTI. [19 00 €AHAaHHS UMX AaHNX Y EANHY Crieun@ikaLito 06 EKTa MiXk HUMU OTPIOHO
BCTAHOBUTY TEMITOPATIbHIN 3B 30K, OCKI/TbKU AaHI PIBHUX MOJA/IbHOCTEN MOXYTb PEECTPYBATUCS Ta MaTH CEHC V15 AOCIKEHHS Y
PI3HI 11EpIoaN CrIOCTEPEXXEHHST OO EKTA. SIKICHE BU3HAYEHHS TEMITOPA/IbHOIO 3B 53Ky MK Habopamu AaHnXx MOXe OyTu BUKOHAHe 3a
ZOMOMOror0 BIAHOLIEHL MK AUCKDETHUMU IHTEPBanamu (<neEpEFye», <«HACTaE Micias», <«36iracTbCs» Ta iHLL), MpoTe KiflbKiCHEe
BU3HAYEHHS (HarnpuKaas, <HacKiibku eEPESye») 3a A0MOMOIow0 ICHyIOYNX BIAHOLEHD AUCKDETHUX IHTEPBA/IB HeMoxmBe. Tomy y
CTaTTi 3aIPONOHOBAEHO BBaXaTn HAEABHI BIAHOWEHHS ANCKPETHUX IHTEPBAE/IIB SKICHUMM BIAHOLWEHHSIMY, HATOMICTb BBECTU IXHIO
MOaNQIKaLIt0 — KiJIbKICHI BIAHOLIEHHST ANCKPETHUX IHTEPBA/IIB. BUKOPUCTaHHS KiflbKICHUX BIAHOLLEHE ANCKPETHUX IHTEPBA/IB AACTb
3MOry CripOCTUTH PO3POGIIEHHS TMPOrPaMHOro 336e3MeYeHHs TEXHOIONT UN@poBuX ABIVIHUKIB 33 PaxyHOK [MABULYEHHS SKOCTI
@opmarnbHoi  crneyn@ikauli  CTDyKTyp AaHux, SKi  KOMIIEKCHO BilOOPaXatoTb B33EMOMOBSA3aHi Habopu  TEMIOPasibHUX
MYJIbTUMOLATIEHUX AaHNX, LUO OTPUMYIOTLCS Y [POLIECT MOHITOPUHIY My/IbCEMELIVHIX 06 EKTIB.

Kmto4oBi  ¢10Ba: MyJsibCeMEIa, UM@POBI ABIVIHNKY, POrPamMHE 336e311eHeHHS, AUCKDETHI [HTEPBa/Y, BIAHOLIEHHS,
TEMIIOPa/IbHI MyJ1b TUMOASE TbHI AaH.

Introduction

Since its development, the digital twins technology has been used to solve a wide range of scientific and
technical problems. One of these tasks is the task of computer modelling of mulsemedia objects. A mulsemedia
object is a physical object or a composition of several physical objects, the state of which is recorded using sensors.
Each sensor captures information of a specific modality. A set of sensors produce temporal multimodal information
that can be used for forming a digital description which comprehensively defines the object as people can perceive it
through their senses. A digital twin of a mulsemedia object is a complex software model of this object, which is
designed to predict the possible states and behaviour of the mulsemedia object. To combine these data into a single
object specification, a temporal relationship between them must be defined, since data from different modalities can
be registered and have a specific value for the research in different periods of the object’s observation.

The research presented in this paper is aimed at the advancement of the theoretical foundations for
temporal multimodal data representation that can be used for the formal specification of the mulsemedia object’s
digital twin.
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Related works

The fundamentals of the temporal relations were proposed in works [1] and [2] where the foundations of
interval algebra and interval-based temporal logic are defined. In particular, in the paper [1] thirteen relations
between intervals are proposed. In the paper [2] the beginnings and endings of intervals are formally defined and
associated with points on the time axis.

In the paper [3], considers three types of relations between events: temporal relations between an event and
a time expression, between a pair of events and between an event and the document creation time. It proposes a
Markov Logic model that jointly identifies relations of all three relation types simultaneously. It allows to improve
the accuracy while solving tasks where temporal relations between events are important.

In the paper [4], a notion of a fuzzy time interval is formulated and fuzzy Allen relations which are the
generalization of Allen’s interval relations are proposed. The relatedness measures are applied to define fuzzy
temporal relations between vague events.

The paper [5] focuses on temporal link labelling as a classification task, in particular, it considers a set of
temporal relations specified in TimeML [6] that contains fourteen types of relations. The paper presents a way of
choosing the right feature vectors to build the classification model.

The analysis of these and similar papers show that neither of researches deals with the temporal relations
defined quantitatively. Moreover, most of the research focus on the use of interval algebra and interval-based
temporal logic which consider continuous intervals. At the same time, discrete intervals can be more useful for the
development of new algorithms and software for digital twins technology.

Theoretical Background
The basis for the research presented in this paper is the Algebraic System of Aggregates (ASA) [7, 8]. The
ASA is an algebraic system, a carrier of which is an arbitrary set of specific structures — aggregates. In broader
sense, an aggregate can be considered as a complex data structure for a consolidated representation of temporal
multimodal data sets which define the same object of observation.
Mathematically, an aggregate D is a tuple of arbitrary tuples, elements of which belong to predefined sets:

D=[M;1{¢/)” 1}a=[OH(D)], 1)

nj

where {D} is a tuple of sets Mj, (D) is a tuple of elements tuples <dij> . corresponding to the

=
tuple of sets (d;! e M;).

As an algebraic system, the ASA consists of three sets: a carrier (non-empty set), a set of operations, and a
set of relations. This research is focused on relations of the ASA, in particular, the relations between discrete
intervals.

A discrete interval (DI) [9] is a tuple, elements of which are unique values ordered either in ascending or in
descending order. In broader sense, a DI is a tuple of values defining the moments of time when characteristics of
the object of observation are to be measured.

In the ASA, the following relations between two Dls are defined.

The relation Is Before means that the first DI (t_l) finishes before the second DI (t_z) starts:
t_1<—t_2iftﬁ1<t12. )
The relation Is After means that the first DI (t_l) starts after the second DI (t_2) finishes:
t_1—>t_2ift%>t§2. 3)
The relation Coincides With means that two Dls (t_l and t_z) start and finish at the same time:
t_1<—>t_2ift11=t12,tﬁl:t§2 andn; =n,. 4)

The relation Meets means that the first DI (tl) finishes at the same time moment as the second DI (t2 )
starts:
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1 7.
t t? ﬁtﬁl:tf. (5)

The relation Is Met By means that the first DI (t1 ) starts at the same time moment as the second DI (t2 )
finishes:

I 3.
th 2 if trfz =tf. (6)

The relation Overlaps means that the second DI (t2 ) starts during the first DI (t1 ) and it finishes after the
first DI finishes:

Lo 4261 L2 1,2 2 1
ttettif tp <ty andtnl<tnz and t{ <tn1. ©)

The relation Is Overlapped By means that the first DI (tl ) starts during the second DI (t2 ) and it finishes
after the second DI finishes:

A 26,2 1 2 1 1.2
ttottift] <ff andtnz<tnl and t; <tn2. (8)

The relation During means that the first DI (t1 ) starts after the second DI (t2 ) starts and it finishes before
the second DI finishes:

L Ag2iel 12 1 _y2
ttetif g > tf andtn1<tnz. 9

The relation Contains means that the first DI ( tl) starts before the second DI (tz) starts and it finishes
after the second DI finishes:

L2l 02 1 42
tttoif i <ty andtnl>tn2. (10)

The relation Starts means that the first DI (t1 ) starts at the same moment of time as the second DI (tz)
starts and it finishes before the second DI finishes:

A 2.1 L2 1,2
1 «t |f tl—tl andtnl<tn2. (11)

The relation Is Started By means that the first DI (t1 ) starts at the same moment of time as the second DI (

t2 ) starts and it finishes after the second DI finishes:

A 2001 L2 1 42
>t |f tl—tl andtnl>tn2. (12)

The relation Finishes means that the first DI (t1 ) starts after the second DI (t2 ) starts and it finishes at the
same moment of time as the second DI finishes:

12612 1 _.2
t- «etcif tl >t1 andtnl—tnz. (13)

The relation Is Finished By means that the first DI (tl) starts before the second DI (tz) starts and it
finishes at the same moment of time as the second DI finishes:
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doi2:e 1 2 1,2
t" e t°if t; <t and tnl —tnz. (14)

All the abovementioned relations are qualitative. The further research offers the new approach that enables
modifying these relations to make them quantitative.

Proposed Approach
The following quantitative relations are proposed in this research to enable defining relations between two
discrete intervals by a specific number of time moments.

The relation Is Quantitively Before means that the DI t' finishes = moments of time before the DI t?
starts:

thet?if t2 =t% +1. (15)
. m

The relation Is Quantitively After means that the DI t' starts = moments of time after the DI t? finishes:
A2 L2
t —T>t if —tnz +7T. (16)

The relation Quantitively Overlaps means that the DI t2 starts T, moments of time after the DI t' starts

and it finishes t; moments of time after the DI t! finishes:

1 € 2 2 1 2 _1
t (TS'Tf)t if =t +1g andtnzztn1+rf. 17

The relation Is Quantitively Overlapped By means that the DI t! starts T, moments of time after the DI t2

starts and it finishes t¢ moments of time after the DI t finishes:

A0S 2 . 1.2 1.2
t(TS'Tf)t if =t +1:sandtnl:tn2+rf. (18)

The relation Quantitively During means that the DI t' starts T moments of time after the DI t2 starts and

it finishes T moments of time before the DI t2 finishes:

d09 2 e a2 2 _.1
t (TsrTf) t |f tl _tl +Ts and tnz _tnl +Tf . (19)
The relation Quantitively Contains means that the DI t! starts s moments of time before the DI t2 starts
and it finishes t; moments of time after the DI t? finishes:
& ™2 i 2=ttt andtt =12 11 (20)
(-[S, ‘L'f) 1 1 S nl n2 f
The relation Quantitively Starts means that the DI t! starts at the same moment of time as the DI t? starts
and it finishes t moments of time before the DI t? finishes:
de2 o2 2 _4a
t (‘L’)t |f tl :tl and tnz :tnl +T. (21)

The relation Is Quantitively Started By means that the DI t' starts at the same moment of time as the DI
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t2 starts and it finishes T moments of time after the DI t2 finishes:

R B PR B 1 _y2
L it &=t andtnl=tn2+r. (22)

The relation Quantitively Finishes means that the DI t' starts © moments of time after the DI t® starts

and it finishes at the same moment of time as the DI t? finishes:

AP 2 o1 .2 1.2
Ut if t=t +randtnl=tn2. (23)

The relation Is Quantitively Finished By means that the DI t' starts t moments of time before the DI t2

starts and it finishes at the same moment of time as the DI t? finishes:

A% 2 2 1 1.2
tot® if i =t+randty =t7 . (24)

The relations Coincides With, Meets, and Is Met By do not have their qualitive and quantitative versions as
these relations are always defined by specific moments of time and, thus, they can be considered either as qualitive
or as quantitative depending on the context.

The proposed quantitative relations between discrete intervals can be useful for the formal specification of
a complex data structure based on a multi-image concept [8].

A multi-image is a complex representation of temporal multimodal data sets which describe an object. In
mathematical sense, the multi-image MI is an aggregate, the first data tuple of which is a non-empty tuple of time
values.

MI = [T, My, .., My|(tiYer, (it Vel ops o ity Yoy =1]) (25)

where T is a set of time values; t = n;,i € [1, ..., N].

Thus, T is a mathematical representation of the common time scale which defines the whole period of the
object’s observation. However, for the development of an algorithm of the object’s multi-image processing, it can be
useful to present in an evident way the interrelation of different data modalities in terms of time. The definition of
the multi-image as the formula (25) does not provide such representation. Let us use the quantitative relations to
advance the definition of the multi-image.

Firstly, let us define a sub-multi-image SMI; which presents temporal data of i-modality as:

sMi; = [T, MiGeE )Ry (i s, | (26)

where T; is a set of time values which defines the time moments (t; );_, when the data (df,);'_, of i-modality (the modality is
defined by a set M;) is to be measured; i € [1, ..., N].
Then, the multi-image MI can be defined as:

MI = SMI;, (R;,;,) SMI,, iy # iy, Viy,i; €[1,...,N], 27)

where R; ;, is a quantitative relation between discrete intervals (t,‘:i);’ilzl and (t,‘fi);‘;l of SMI;, and SMI,,
accordingly.

The interpretation of the multi-image concept defined by the formula (27) enables establishing of temporal
relationships between data sets of different modalities. In turn, this can allow to simplify the formal specification of
a complex data structure for mulsemedia object’s digital twin description.

The visualization of a formal specification based on the modified definition of a multi-image can be
presented as an oriented graph. This specification is further called a temporal specification of a multi-image. The
following example demonstrates how a temporal specification can be defined.

Let the mulsemedia object be a real nature scene where forest fire appears during the process of the forest
massif observation. The observation is carried out by using the following devices: two video cameras, four audio
recorders, a smell detector, and an air motion detector. Later, the data recorded using these devices are used for
creating mulsemedia content (mulsemedia movie) for its reproduction in an educational immersive environment.
According to the proposed approach, the mulsemedia object must be described by a temporal specification with the
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purpose of the creation of such a mulsemedia product — the mulsemedia movie.

Let us specify the following SMIs to be used for the mulsemedia object’s specification: SMI; is the first
video; SM1, is the second video; SM1; is the first audio; SM1, is the second audio; SMI; is the third audio; SM1, is
the forth audio; SMI, is the smell record; and SMIg is the air motion record. Each of these SMIs has its own DI
when the modality data of this SMI is obtained. The modalities timing is shown on Fig. 1.

t} ta,
SMI, %
tf tr,
SMI, >
ti tas
SMI % *
td tr,
SMI, < >
t; ths
SMI- ™
ty .
SMI,
7 el
ny
SMI;
t8 t8
ng
SMlg = =

Fig. 1. The scheme of modalities timing

This scheme of modalities timing allows to calculate the following time values which are necessary for
defining the qualitive relations between the Dls:

wy =ty — b
w, = tf —t5.
wy =tf —t]
w, =ty —th,
ws =t —t}
We = tas — tn,
wy; =t — tf (28)
wg = t2, —to
We = tf — 7
Wi = th, — ta,
Wi = t16 - t12

— +8 7
Wiz = tng - tn7

— +8 5
Wiz = tng - tns

Then the multi-image for the given example can be defined by the temporal specification depicted on
Fig. 2.

The next step is the realization of the obtained temporal specification in a program code. It can be done by
using either a general-purpose programming language, or a domain-specific programming language ASAMPL 2.0
[10]. The advantage of using ASAMPL is that it is optimized for processing specifically temporal multimodal data.
To support further simplification of the realization of the temporal multimodal data processing algorithms for the
development of the mulsemedia software, the proposed quantitative relations need to be implemented in the syntax
of the programming language ASAMPL.
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Fig. 2. The multi-image temporal specification (“Q.” means “Quantitative”)

Conclusions

The research presented in this article enables improving the mathematical apparatus for processing discrete
intervals, which is a development of Allen's interval algebra. Unlike Allen’s intervals, discrete intervals allow to
determine discrete events, which in turn enables using the interval relations defined in the Algebraic System of
Aggregates for the development of software for a mulsemedia object’s digital twin implementation and usage.

The distinguishing feature of the new approach presented in this paper is that two types of relations
between discrete intervals have been introduced; they are qualitative relations and quantitative relations. The
qualitative relations are relations originally defined for discrete intervals in the Algebraic System of Aggregates. The
quantitative relations are introduced in this paper for the first time. These relations enable defining how close or far
the beginning and ending points of two discrete intervals are on the time axis. This allows to simplify the formal
specification of the complex data structure for a mulsemedia object’s digital twin representation based on temporal
multimodal data to be received from a set of sensors which monitor the mulsemedia object.

Further research can be focused on the development of new advanced algorithms for temporal multimodal
data processing as well as it must include the implementation of the quantitative relations in the syntax of the
programming language ASAMPL 2.0.
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