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Abstract—MulseMedia technology enables operation with multimodal data
sets that requires their complex representation. In this paper, we propose a
mathematical background of MulseMedia data representation. The application
of both Algebraic System of Aggregates and Multi-Image Concept allows
efficient representation and processing of MulseMedia data in computer
systems as well as encourages development of new algorithms for data
processing, including data compression and data modelling.
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1 Introduction

The recent rapid development of new hardware technologies is enabling recording,
processing, and reproduction of multiple sensorial media (MulseMedia) experiences.
This requires development of new data representation models and new algorithms for
multimodal data processing. Such new approaches can allow more efficient
representation and processing of human-perceived types of information and, in this
way, create new opportunities for widening the scope of MulseMedia application.

In spite of the general technological readiness in certain fields of MulseMedia and
immersive technologies being relatively high [1], there is a lack of common
approaches to MulseMedia data representation. Although, a systematic approach for
MulseMedia content representation was defined in MPEG-V standard [2], [3], most
existing standards are focused on individual media components and they do not
consider the combination of data modalities.

There is a gap between physical nature of data (modality) and the algorithms and
methods of data processing. In our opinion, this gap should be addressed upon



mathematical principles for MulseMedia and multimodal data representation and
processing.

2 Related Work

Since MulseMedia is a promising advancement of multimedia, related works
concerning different aspects of MulseMedia concept, MulseMedia applications, etc.
are continuously growing.

The overview of MulseMedia, its applications, and hardware is presented in [4],
[5], [6], [7], [8], [9]- In particular, [6] gives the detailed information on human
sensorial system, sensory data representation and discusses quality of service and
quality of sensory experience. Hardware overview [7] shows the scope of technical
possibilities for MulseMedia-based applications, particularly in education. Whilst [8]
and [9] consider available hardware approaches as well as an overview of research
methodologies and proposals of same for understand MulseMedia Quality of
Experience (QoE). Similarly in [10], sensory effects and their influence on the quality
of user’s perception are discussed. Human Factors influence on user experience of
MulseMedia is presented in [11] and [12]. Haptic technology and haptic devices are
investigated in [13], [14], [15], particularly, the classification of haptic devices is
given in [15]; advantages and disadvantages of different types of haptic devices are
pointed out as well.

Considering some communication network related conditions [12], [16], [17], [18]
analysed multimodal data synchronization issues. In particular, the results of a study
aimed at clarification of the temporal boundaries within which video, haptic, and air-
flow components can be successfully synchronized are presented in [9]. In a similar
context, Quality of Service (QoS) and Quality of Experience (QOE) have been
investigated in [19], [20], [21]. Particularly, in [21] the authors propose the adaptive
MulseMedia framework for delivering scalable video and sensorial data to users over
constrained networks. The readiness of the World Wide Web to sensory effects
representation is addressed in [22]; in particular, the ways of embedding sensory
effect metadata within Web content are proposed.

The analysis of these and other related research allows us to conclude that
available approaches to MulseMedia data representation do not use a strong
mathematical background. Thus, in this paper we give an overview of a mathematical
apparatus based on both the Algebraic System of Aggregates and the Multi-Image
Concept [23], [24], [25] and we demonstrate how this mathematical approach can be
used for representation of different data modalities in MulseMedia applications.



3 Theoretical Background

3.1  Algebraic System of Aggregates

Since observation is a time domain based process and typically involves
multimodal data sets, the apparatus of the Algebraic System of Aggregates [23], [24],
[25] can be used to obtain a multi-image [23], [24], [25] which can be considered as a
mathematical background for a digital twin of the object (subject, process, event,
etc.). Algebraic System of Aggregates (ASA) is an algebraic system, a carrier of
which is an arbitrary set of specific structures called aggregates [23], [24], [25]. An
aggregate A is a tuple of arbitrary tuples, elements of which belong to certain sets:

A= [MlehZ], = HaA M

where {A} is a tuple of sets M;; (A) is a tuple of elements tuples (aij 21
corresponding to the tuple of sets (a{ € M;).

This means that for defining the aggregate we need to indicate the sets, elements of
which belong to the aggregate within appropriate tuples, and next we need to place
the tuples of the elements belonging to these sets in the same order because there is a
strict relation between them: the elements of the first tuple belong to the first set, the
elements of the second tuple belong to the second set, etc.

Since the ASA is an algebraic system [26], [27], [28], it consists of sets (%, &,
R), where 4 is a non-empty set (carrier), elements of which are elements of the
system; Zis a set of operations; & is a set of relations.

The carrier of ASA is an arbitrary set of specific structures called aggregates.
Tuple elements in an aggregate can be both strict and fuzzy values.

Aggregates can be compatible, quasi-compatible or incompatible. Aggregates A,
and A, are compatible (4; = A,) if they have equal lengths and both the type and
sequence order of these aggregates are the same. Aggregates A, and A, are quasi-
compatible (A; = A,) if the type and sequence order of these aggregates coincide
partly. There is no requirement of the equality of aggregates lengths in this case.
Otherwise, aggregates A, and A, are incompatible (4; = A,). Besides, aggregates A,
and A, can be hiddenly compatible: 4, (=) 4, if A; = A, or A; = A, but at the same
time {4,} = {4,} which means that both aggregates have the same set of sets but the
order of these sets differs.

The basic relations in ASA are: Is Equal (=), Is Less (<), Is Greater (>), Is
Equivalent (=), Includes (2), Is Included (<), Precedes (<), Succeeds (>).

Operations on aggregates in ASA include logical operations, ordering operations,
and arithmetical operations.

The logical operations on aggregates are: Union (U), Intersection (n), Difference
(\), Symmetric Difference (A), and Exclusive Intersection (=) [23]. The result of
logical operations in ASA depends on aggregates compatibility. For example, an



Intersection of two aggregates A, and A, is the aggregate A; which includes only
common components of both aggregates and is formed according to the following
rule:

1. If A, = A, then A5 includes elements of both aggregates, which are common for
them, in every tuple:

Ay =My, My,...,Myl{ai,a},...,a}),{bi,b3,...,bY), ..., \wi,w3,...,wh]
A, = |IM1,M2,...,MN|(af,a§,...,af),(blz,bzz,...,bé),...,(le,wzz,...,wzm]

Ay =A,NA, = [[Ml,MZ,...,MN| <a}1,...,a}a,aﬁl,...,aﬁB>, 2

1 1 32 2 1 1,2 2
<bm1i'"ibmyibqlﬁ""bq5>"'"<Wn1'""Wnl'Wpli""Wp”H]

where af, € a',af, € a%,i €(1,...,a);a}, € a’,a?, € a%,j € (1,..., B);
b, € b1, bk, €b%k € (1,...,y); b € b\, b2 € b%s €(1,...,6);
Wy, € F,w,{u Ew2,u€ (1,...,/1);w§y Em,wgy € m,y €(1,...,u).
2. 1f A; = A, then A5 is a null-aggregate:
Ay =ML ML, ... o MEKay, ag, ..., a;), {by, bayeooy Dby oo AWe, Wy, oo, W)
A, = |IM12,M22,...,M,z(l(cl,cz,...,cr),(dl,dz,...,dq),...,(zl,zz,...,zp)]] €)]
Az = A1 NA, = [O(D)] = Ap.

3. If A; = A, then A5 includes elements of both aggregates, which are common for
them, only in tuples of common sets, thus, the number of sets shortens:

A1 = [[Ml,le,...,Mx,...,M&l(a%,a%,...,all),(bl,bz,...,bm),...,

<f11'f21l'"'ft1>!"'f<W1vw2f"'an)]]
Ay =M, M3,...,M,,...,M2|(a3,a3,...,a2),{dy, dy, ..., dg), ..,

(flz,fzz,...,ﬁ,z),...,(zl,zz,...,zp)]] (4)
A;=A;NA, = [[Ml,...,Mx|<a111,...,a}u,afl,...,afﬁ>,...,

foses i f f2)]
< )

where a}, € a',a} € a?,i € (1,...,a) eﬁ,af}. €azje(l,...B)

fAefLfiefee(,...phf2€fLf2€fLhe(l,...,0).

Ordering operations include: Sets Ordering ; Ascending Sorting T; Descending
Sorting {; Singling [I; Extraction x; Insertion > [24].

For example, Ascending Sorting enables reordering of all tuples according to
ascending order of a certain tuple (called a primary tuple) among all tuples of the

.n; N
aggregate. Thus, if A; = [[Mﬂ(a{)?jl]] and 3k suchas1 < k < N,k # 2 and n; >
o



n, > ny,n, = ng, then the result of Ascending Sorting operation of A; according
elements of tuple a* is the aggregate A, such as:

— ~k — 1 1 1 1 1 1
A, =A,Ta"= [[Ml,Mz,...,Mk,...,MNl(aa,aﬁ,...,a,,,...,aw,ank+1,...,an1),

(aé,afg,...,aﬁ,...,aﬁ,),...,(aé‘(,a’g,...,a’J,...,a’(f,),...,(ag,ag,...,a{)’)]]

®)

where  af<af<.<ak<.<at . de(d) . j=1.N |

mela,f,...,v,...,0],1<m<n,andn =ny ifn; = n orn = n; if n; <ny.
The ordering operations have a specific importance in the ASA because they allow

us to compose and to operate with complex data structures called multi-images [23],

[24], [25].

3.2 Multi-Image Concept

A multi-image is a complex representation of multiple data sets describing an
object (subject, process, etc.) of observation which is obtained (measured, generated)
in the course of time. In mathematical sense, the multi-image is an aggregate, the first
data tuple of which is a non-empty tuple of time values. These values can be natural
numbers or values of any other type which can be used for evidence and
monosemantic representation of time. Thus, the multi-image can be defined in the
following way:

I=[T,My,..,My(ty,.., t:)(ad, .., ab ), ... (ad,..,a} )] (6)

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

If there is a tuple, elements of which are constant in time, in reference to the multi-
image, the corresponding set in the tuple of sets is marked as M and the tuple of
identical elements is defined by one element which is supposed to be valid for every
time value.

The precondition of a multi-image construction is that obtained (generated,
measured) data sequences are of different modalities and they are recorded
(generated, measured) with respect to time.

Since a multi-image is an aggregate, to process its data, we can use any operations
defined in ASA. In particular, the logical operations of ASA can be used for preparing
complex data representation of a multi-image and the ordering operations enable
processing of multi-image data with respect to time [23], [24], [25].

4 Mulsemedia Data Representation

Let us apply mathematical approach of the Multi-Image Concept to MulseMedia
data sequences. For this purpose, at first, we need to consider every data modality
related to MulseMedia and give its formal representation.

Thus, monophonic digital audio signal is a tuple defined as follows:



§mono = (Sk)£=0 = (S0, S1, +++» Sk ) (7

where a; is a physical value such as sound pressure level; a; € R.
Then stereophonic digital audio signal can be represented as the following tuple of
tuples:

5_‘stereo = <<SI%;SI%»1}§:0 = ((Sé; Sg); (511: 512); ---:(Sll(; 51%» (8)

where si is a sound pressure level value for the left channel; s2 is a sound pressure
level value for the right channel; s;* € R.

Finally, multichannel digital audio signal [4] can be formalized as the following
tuple:

gmulti = <<SI%J S]%l "'!S]g)>11§=0 =

((sd,s2, ...,sg), e, (st s2, ...,s,?))

©)

where s/l is a sound pressure level value for g-channel; q € [1, ..., Q]; s € R.
Let us consider images. Then a 2D image of NxM pixels can be defined as a tuple
of the following tuples:

Cop = ({ck, c2, oo, MIWN_o = ((c, ..., CH), oo, (R v, CE)) (10)

where ¢™ is a tuple of pixel colour components; ¢c™ € Z3; m € [1, ..., M].
The definition of ¢} depends on a colour model. For example, if RGB model is
used, cit is defined as follows:

= (" gn" ba") (11)

where )%, g, b7 are colour components in RGB model; ", gi*, bi* € Z.

The formal description of a 3D image depends on the technology of its
reproduction [1], [7]. For example, if voxel graphics is supposed to be used for
visualisation of the 3D image with the size of NxMxK voxels, then it can be defined
as follows:

ESD = <<<C'}l,k)§=1l (C%,k>£:1v "':(Crl‘:l,k)lk(:l»rl\l]:l (12)

where cp', is a tuple of colour components, cp € Z3; m € [1, ..., M].
If the 3D image is a stereo image, then its description is:

éstereo = («lrlu lrzll b lrI\{I)ﬁ (rnl’ r‘nzﬁ L] rr{”)))g:() (13)

where [ is left frame data component; ;7" is right frame data component.
A 2D video can be represented as an aggregate of an audio signal data tuple of a
certain type (monophonic, stereophonic, multichannel) and a tuple of 2D images:

VZD = [[RQ,Z3 |.§,é]] (14)

where S is Spono. Sstereo OF Smuiei C 18 Cop OF Csp.



A 3D video can be defined as a combination of a stereo image sequence and spatial
sound (Q-channel audio signal):

Vap = [[RQ'Z3 | ‘STmulti' Estereo | (15)

Haptic data received from a data glove [12] can be represented as a tuple of
movement intensity for every finger. Then if every finger movement is registered by
one sensor, we can define haptic data tuple as follows:

H = ((h}, hZ, h, hi, RI0E_, (16)

where h, is a movement intensity value; h, € R; i € [1,...,5].
Thermoceptional (environmental) data can be formalized as:

E = ek, el ex M=o an

where e is a temperature value, el € R; efl is a humidity value, e/l € R; e}’ denotes
the wind effect intensity, e} € R.
Olfactory data can be formally defined as:

6 = ((0£I OII(! Ol(cil 0;))5:0 (18)

where of denotes the scent types following the popular olfactory model in [6], [13],
[16] of € My = {"burnt","flowery","foul", "fruity", "resinous","spicy"}; ok
denotes the olfaction intensity as in [28], ok € M; = {low, medium,high}; of € R
denotes the duration of olfactory stimuli, and o} € R denotes the synchronization
skew of olfaction which is proved to be crucial [16], [18].

Finally, gustatory data can be formalized as:

G = gk Jio I R=0 (19)

»non

where gI € M; = {“sour”,”bitter”,”salty”,”sweet”} denote the gustation stimulus
types [26], gi. € M; = {low, medium, high} denote the gustation intensity [29], and
g2 € R denote the duration of gustation stimuli [29].

In this paper, we assume for simplicity that every data structure defined in
formulas from (3) to (15) is recorded (measured) simultaneously. Then, finally, we
can compose a multi-image of the object of observation, such as:

I = IITIRQIZ3; R51R3! <M0l MII Rz)l (MG; MII R)l(tll--;t‘l,')r

=0 m e (20)
Smulti' Cstereor H, E: Or G]]

In the next section, we analyse how this mathematical approach can be applied in
real conditions.



5 Results and Discussion

One of the possible use cases for Multi-Image Concept application is a
MulseMedia-based remote lab (Fig. 1). Such lab can be used for remote study as well
as immersive demonstration of a certain phenomenon to remote learners [30], [31],
[32], [33]. A real-world object (subject, process, event, and phenomenon) can be
characterized by multiple sequences of human-perceived information.

We assume that the data sequences are obtained from several sensors. Every data
sequence characterizes a certain aspect of the object’s nature and behaviour. At the
same time, in terms of mathematics every data sequence is a tuple of values belonging
to a certain data set. As mentioned above, for simplicity we assume that in one session
of work in the lab all data sequences are recorded (measured) simultaneously. The
result is that they can be composed in one complex data structure, namely, an
aggregate. Since the object of observation exists in time, the aggregate can be
supplemented with a tuple of time values which correspond to the time moments
when values of other modalities are measured (recorded).

Measurement
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Fig. 1. Basic idea of complex representation of MulseMedia data as a multi-image of a real-
world object



The multi-image of the object defined with respect to a certain period of time. In
the next session of work with the lab, we obtain the next multi-image of the same
object and so on. After a number of observations and measurements, we will possess
a family of multi-images of the object of study. Thus, we come to the task of multi-
images analysis. Such analysis based on logical operations [23], ordering operations
[24], and relations defined in the Algebraic System of Aggregates according to the
Multi-Image Concept. The main advantage of this concept is that we can operate with
multiple values defined in a certain time moment as with a complex value of a
function of several variables. Thus, we always have an overall view on the object’s
nature and behaviour in every moment of time. It allows us to compare multi-images,
predict further state and behaviour of the object, model it, etc.

Moreover, having the object’s multi-image for a certain time duration, we can
reproduce the object virtually by using hardware for 3D visualization, spatial sound
and other sensory data reproduction.

Let us consider an example of multi-image representation and processing. Let ¥ be
a short video fragment recorded in a time interval T = (1, ...,10) (in seconds) and
presented as a data aggregate accordingly to (10).

Note that for simplicity we assume that the quantity of 2D frames and the quantity
of audio signal samples in this recorded fragment are equal as well as we do not
specify
values in tuples but use their formal notations ((st,sZ))i>, and
(T e r COld weer (CN Jor - » CN IR iNStead.

Then we can obtain a multi-image I; which represents video data with respect to
time:

11 = [[T’ RZ’Z3| (112l3l4ﬁ5l6l7l8l9P10)l ((S}%, s]%))%&o‘

(21)
(s woer COD e (CN s oer CNIN R0

Besides, let us assume that we need to enrich this video fragment by adding
olfactory effects, namely, flowery scent of low intensity starting with the 3" second of
the video and lasting 3 seconds (all numbers in this example are invented) as well as
fruity scent of medium intensity starting with the 7™ second and lasting 4 seconds,
with zero skew in both cases. Then it can be expressed in the following multi-image
I;:

I, = [T,{My, M;,R?)| (3,7),{"flowery", low, 3, 0),

("fruity", medium, 4, 0)] (22)

Thus, we have two multi-images obtained from different sources: the first one is
received from external device (video camera) and the second one is composed
artificially (for example, by using a certain MulseMedia editor). Now we need to
synchronize them and combine in one multi-image describing some immersive scene.
For this purpose, we apply the following operations of the ASA: Union (U), Sorting
(1) and Singling (ll) [23], [24]. Since these multi-images are quasi-compatible [23],
[24] the result of this complex operation is as follows:



I=(ul)Tt) =T, R?Z2% (12345678,
9110>1 <<S,%, S]%))%O:()i <<Cé,k! ey CI(;’{k); ey
(CN jer e c%k));il. (8,0,("flowery", low, 3,0),

@, 0,0, (" fruity", medium, 4, 0), @, @, )]

(23)

The multi-image I defined by (19) gives a full description of the immersive scene
in its dynamics and with internal synchronization of multimodal data. It can be
rendered by using a domain-specific language such as ASAMPL [25].

6 Conclusions

The Algebraic System of Aggregates is a tool for complex data representation. It
enables multimodal data processing by using a range of operations and relations. In
particular, the logical operations allow us to construct different compositions of
multimodal data, which in turn enables complex data representation for compound
description of objects and processes in different areas.

The Algebraic System of Aggregates is the basis for the Multi-Image Concept
which enables overall description of an object (subject, process, phenomenon) of
observation carried out in the course of time. In our opinion, the Multi-Image Concept
creates a background for the development of new MulseMedia data models, new
multimodal data compression and coding methods, new algorithms of MulseMedia
data processing, and new protocols for MulseMedia data transmission. The
formalization approach proposed by the Multi-Image Concept also enables better
standardization for hardware and software to be used in immersive technologies.

Future work can be focused on the development of data synchronization methods
and data compression algorithms.
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