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Abstract. The quality enhancement of infocommunication systems based on in-
tegration of semantically different information transmitted over different commu-
nication channels is discussed. The increase of the informational efficiency of the
multimodal communication systems is provided by using multimodal subscriber in-
terfaces, compared to traditional telecommunications. The proposed approach is
new in the subject area and requires a variety of research studies to develop inno-
vative elements of the theory of multimodal information transmission. A notion of
information value is introduced in order to estimate and chose functional structures
and parameters that possess the most favorable informational characteristics during
development of multimodal communication systems.
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1 INTRODUCTION

During their development the national information infrastructure of developed coun-
tries has evolved from a highly specialized communication networks (telegraph net-
works, telephone networks, etc.) into, first, telecommunication network, and then
into infocommunication systems. In most classical bibliographic resources of the
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subject area and in the directive documents of the branch “Communication and
Telecommunications”, communication service or information service is understood
as a result of functioning of information infrastructure of any level [I], 2, B]. However,
in recent years, there is a tendency to depersonalize certain infocommunication ser-
vices a subscriber often requests a type of service called “a connection to network”.
This service implies an opportunity for a subscriber to obtain available or most con-
venient, in subscriber’s opinion, way of interaction. The concept of “convenience”
when realizing the service “a connection to network” is defined by users in accordance
with their personal preferences and physical requirements, along with the properties
of the environment in which communication occurs. Therefore, it is vital to consider
the process of interaction between subscribers through infocommunication system
(ICS) from the standpoint of maximizing convenience of traditional interpersonal
communication when people communicate directly with each other [4, [5].

There is a wide spectrum of communication services, which used audio chan-
nel for speech transmission and processing [6]. However, during traditional inter-
personal communication, people are almost always interacting multimodally, using
verbal and nonverbal channels. The analysis of the existing multimodal interfaces,
their main characteristics and fields of application, as well as the results of com-
mon research in the field of multimodal interaction and interfaces design enabled
us to draw a conclusion about the possibility and necessity to make interaction
between subscribers through infocommunication system closer to traditional inter-
personal communication. Even nowadays, there are objective prerequisites to reject
principles of communicated information division into communication services and
to implement polymodal infocommunication systems (PICS). The latter refers to
an interconnected set of processing (multimodal user terminals) and data storage
systems, telecommunication networks, uniting them, operating under single con-
trol in order to collect, process, store, protect, transmit and distribute, display and
use multimodal information that takes into account the meaning of reported mes-
sages, subscribers (users) identity, their mood, physiological and emotional state
[7, §]. Obviously, the realization of such revolutionary ideas is impossible without
comprehensive theoretical and experimental research. The aim of this work is to
theoretically prove the necessity of transition to PICS.

The paper below describes modern approaches to development of multimo-
dal/polymodal telecommunication systems and services in Section 2, as well as
presents main principles of PICS synthesis in Section 3. Increasing the informa-
tional efficiency of PICS with using several modalities is discussed in Section 4. The
criterion of value of multimodal information is introduced and used for estimation
the proposed approach in Section 5.

2 RELATED WORKS

Functioning of any ICS is significantly related to receiving and processing informa-
tion, because without this it is impossible to take the necessary decision about the
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realization of a certain service, and therefore to carry out the action needed (trans-
mission of information to the interlocutor), which is the ultimate goal of such systems
functioning. During this research, the analytical review of modern approaches to
development of multimodal/polymodal telecommunication systems and services was
carried out.

In [9] a multimodal contact list is proposed. Multimodal contact list is an appli-
cation allowing user to display certain context information (for example, happiness
or availability) to people which are in users contact list and communicate both ver-
bally and by touch. The application can prevent undesirable calls by determining
if the contact is available for a phone call. Also the application can filter the con-
tacts according to some parameters, for example, it allows the user to choose the
person in contact list which is happy and not busy. In [I0] a crisis based human like
multimodal system is proposed. The aim of the system is to help people in crisis
situation. For interaction with the system the user can use visual set of crisis icons,
text messages, pen input, photos and direct speech.

Multimodal platform for e-learning which allows multimodal access to an educa-
tional social network is presented in [I1]. The platform enables the retrieval, editing
and sharing of multimedia contents in an educational social network using different
modalities. The platform is based on client-server architecture.

In [I2] an approach for developing multimodal mobile user interface using thin
clients for building high modular client interfaces, managing asynchronous interac-
tions. Authors introduced the concept of multimodal objects which are able to col-
lect vocal, sketch and stylus inputs and to render multimedia output (text, graphics,
audio and video). An approach based on the multimodal objects that are able to use
the benefits of both telecommunication and web protocols to manage input/output
processes is proposed for building mobile multimodal clients.

World Wide Web Consortiums (W3C) Multimodal Architecture and Interfaces
standard, an architecture and communications protocol for integrating different
modalities into multimodal application are presented in [I3]. This architecture sim-
plifies integrating components from multiple sources.

In [T4] an approach of integrating session initial protocol (SIP) in Converged
Multimodal/Multimedia Communication Services is presented. The paper describes
the structure of the VoIPTeleserver for VoIP in SIP environment which is based on
dialogue system and Web convergence.

Automatic systems for coding verbal and gestural communication of TV inter-
views and debates in [I5] were used for analysis of communicative competences of
politicians.

3 MAIN PRINCIPLES OF POLYMODAL
INFOCOMMUNICATION SYSTEM

Traditional tasks of telecommunication systems to increase the efficiency of using the
communication channels, as well as to increase the speed and quality of messages
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transmission via these channels, can be solved with the help of information the-
ory [I6]. As for the newly emerging challenges related to multimodal representation
and processing of information, they become the subject matter of the applied infor-
mation theory [I7, [18]. This theory shows the effectiveness (informational aspect)
of PICS [19].

Prerequisites for the application of information theory to the synthesis (design-
ing) of PICS are due to the fact that in some cases, systems work can be represented
in terms of the concept of choice. In fact, the set of values of the parameters de-
scribing the state of PICS is represented by the set of points (Performance, Speed,
Integrity), which occupies in the multidimensional parameter space volume V€9
(Figure 1). The movement of displaying points inside this hypothetical volume,
in this case, will express a change in system parameters (performance, speed, in-
tegrity). The task of the design system ultimately comes to limiting a diversity of
the possible parameters values up to those shown by some private volume V¢S
lying within the volume V€S,

Performance P

o(P. 5. I)

Integrity 728

/Speed SPICS VPICS — PPICS x SPICS XIHCS
Figure 1. Effectiveness of multimodal infocommunication systems

The minimum necessary amount of information Iy which must be received and
processed by the system to select particular volume V.F7¢S from the whole a priori
volume VF1C9  is equal to entropy of removing corresponding uncertainty (with
equiprobable distribution of private volumes):

]0 — 10g2 (VP]CS/‘/*PICS) ) (1)

To accomplish tasks by a system, it is necessary to process the amount of infor-
mation in a time not exceeding some value. The minimum required system capacity
(speed of obtaining and processing information) must be
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Ly 1
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An efficient system must have redundancy
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where I, is the maximum amount of information that the system asymptotically
can process in a time 7. The expression (3) contains fundamental for systems oper-
ation indicators such as the complexity of a task (to some extent being expressed by
the value of the a priori volume V199 the quality of the PICS functioning (volume
VPICSY and the speed (time T). Thus, the redundancy represents informational
expression of the PICS effectiveness and allows investigating such systems, based
on their informational aspect.

4 INCREASING THE INFORMATIONAL EFFICIENCY
OF POLYMODAL INFOCOMMUNICATION SYSTEMS

In polymodal ICS, user terminals perform functions for obtaining and processing
information, so there are two ways to increase the information efficiency criterion:

e use of interrelations between subsystems of a multimodal ICS user terminal, the
so-called integration;

e practical user terminal architecture.

The basis of the first way is that subsystems of a complex, interacting between
themselves and with a given system (a user terminal), receive and provide informa-
tion being a priori for the latter, i.e., reducing the entropy of a task that needs to
be solved. So, a consistent decrease of a priori uncertainty can be seen (Figure 2)
in multimodal user terminals [20), 2T, 22]:

e during the transition from a multitude of natural signals NS = {ns,} to a mul-
titude of artificial signals AS = {as,} that is associated with entry procedures
(limitation of dynamic and frequency range of signals, their discretization and
quantization) and signal preprocessing (localization, filtering, denoising);

o when separating artificial signals AS = {as,} into a given set of input modalities
(modality signals) IM = {IM;,IM,, ..., IMy,,, };
e when extracting from input modalities IM their parameters F = {fi, fo,...,

Jop b5

e during the implementation of polymodal services based on the fusion of the given
(for each particular service) parameters of the modalities.

At each stage, there is a reduction of the choice uncertainty of the volume VJN*
within which values of the subsystem parameters are being expected. Resulting
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Figure 2. Use of integration when constructing polymodal ICS subscriber terminals

minimization of the value Cy up to the value Cya < Cj gives optional redundancy.
Further decrease in the required capacity of a subscriber terminal can be achieved
with a multi-channel subscriber terminal architecture.

In the context of information processing in separate communication channels
of multimodal interfaces, such rational construction is achieved by the fission of
signals AS = {as,} into modalities (Figure 3), and extraction of features F' from
the modalities.

In fact, if for normal functioning of the system it is necessary to receive infor-
mation about IV, its parameters, then the total amount of information needed to be
processed in all NN, informative channels should not be less than the joint entropy
of all these parameters.

Since these parameters are related to the same physical object (modality), sig-
nals carrying information about the parameters are, to a greater or lesser extent,
correlated. Therefore, the joint entropy Hy of the signals, carrying the information
about combination of parameters, is less than the sum of the entropies of these
signals Hy.

Hence, the minimum required system capacity

Co=1Io)T = Hy)T (4)

will be less than
Cy = Iy/T. (5)

The difference between Hy and HY is due to the cross-correlation relationships
between the various parameters that define operation of the multimodal user termi-
nal. Minimum required capacity value of a N,-channel system [23]:

CON“ =Cx + Ch (6)

where the value

1
Ca= oT log, |7 (7)

represents that particular decrease in the necessary user terminal capacity, which is
obtained by a terminal rational architecture that takes into account the statistics of
the signal ensemble, compared to a multi-channel system built without considering
this statistics.



914 0. Basov, 1. Kipyatkova, A. Saveliev

al,
) Keyboard signal »! 1M,
Input  as; al) Traditional input al, |
device Mouse pointer signal — M,
signal al, pen-based

. >l 101,
computing |

|
al; Speech signal > 1M,
Audio ¥ als Active speech .<
sienal & Nonverbal signal »! s,
= |
Pauses | IM

alg |
Appearance - IM
al, . |
Body position ; i IM,
aly, . -
fan’s bo Relative position of body » 1M
an's al, parts | M,
Body movement ; > IM
aly
al Arm movements——————————| IM),
14
Video 0% 4 Facial structure I =: I,
. a 16
signal 5 Winking — M,
Eyes aly;
: o —DJ IM
al, @ Face Pupils movement | Is

18 al,

Lips —p.wAIticulati on —| M,

aly,

Facial expression =: IM,

. Complexion | 1M,

Environment _;: .
|

Hands humidity ————————— M,
as, aly, Nonmechanical characteristics al.

Sensor 24
sienal ﬂ\".j Temperature =: M,

g al,
) Pressure > 1M,

» as, al, |

Q actory_’._ —»Scents —— — — — — — — — — — — — — — — - — — — — - — l-l M,
signal |

Figure 3. Graphs of the modalities of different communication channels: {aly,...,alss} —

a subset of the algorithms for identifying modalities

Decrease in the required capacity Cy,,, i.e. increase in Ca, is determined by
the value of the correlation signal determinant |r.|. Therefore, the analysis of the
correlation structure of multimodal interfaces is reduced to analyzing this determi-
nant and determining the conditions under which its value will be the lowest. The
elements of the correlation matrices determinants are the cross-correlation moments
between all the sources (signals AS, modalities IM or their parameters F'), which
are a basis of a solution to the problem (problems) of multimodal ICS synthesis.

Let us consider two independent discrete sources with the given ensembles of
messages in the form of random variables A; and A,, each of which takes values
from the ensembles {Alla A12, ey Aliy ce 71411\7} and {AQIa AQQ, ce 7A2i7 ce 7A2N}
with probabilities p(A;) and p(As), respectively (N is the number of possible mes-
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sages at the outputs of the sources. We assume that the random variables A;
and A, are estimated on finite intervals, so we define for them some k™ interval
(k,k+ Nrnr —1), where the indices ¢, j take Nyyp values: k, k+1,... k+ Niyr—1.

On the analogy of [24], by random correlation time of independent discrete
random variables A; and A, on the interval (k, k + Nyyr — 1) or by the k' interval
correlation coefficient, we will understand the value

(HZAI B mz‘h) (HZAQ B mAz)

* *
OkA,OkA,

(8)

TekA1 Ay =

where Ay m 4, are the mathematical expectation of variables A; and A, re-
spectively; m; Ap> m;; 4, and 0 4 0% 4, are sample mean and sample mean quadratic
deviations of random variables A; and A, on the interval (k, k + Ny — 1), respec-
tively.

The expression (8) shows that if for each random variable its sample mean at the
specified interval does not coincide with its mathematical expectation, correlation
coefficient of these random variables on the given interval is nonzero. Therefore,
on relatively small sets of values, which independent random values A; and As
can take, there may occur correlation dependencies between them. Similarly, on
a limited set of messages generated by independent sources, there may be correlation
dependencies between them.

In [24], experimentally, (under the assumption that each source message ap-
pears equally probable with the further averaging of results), graphical representa-
tion of dependencies of the average sample correlation coefficient for two indepen-
dent sources of video and voice information on the parameter N;y; were obtained
(Figure 4). As the objects of correlation analysis, the sources of speech messages
ass (mAl = mA2 = ﬁ) and static model images ass (WAQ = W{A2 =128 - ?) in
RGB format were used.

The analysis of the represented dependences (Figure 4) shows that with the
increase of Njyyr, correlation time of the sources decreases exponentially, and at
Nyt = N — the cross-correlation between messages from the sources is practically
absent (the value Ty4, 4, is practically equal to zero). The maximum slope corre-
sponds to sources with maximum redundancy, in the case under consideration, — to
video images sources.

During the transition from artificial signals to their modalities M, there is
further decrease in correlation moments of the sources, and hence decrease in the
required capacity Cy of the user terminal.

Thus, multimodal representation and processing of input information can im-
prove the information criterion of the polymodal ICS effectiveness. The decorrelation
of the input signals inevitably leads to the decrease of gain in the total transmission
speed, with joint encoding of the sources, between which there are correlation rela-
tionships [16]. Therefore, in multimodal subscriber terminals, it is advisable to use
separate coding of parameters of single modalities and/or results of the multimodal
services implementation.
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Figure 4. The Nyyr dependencies of the average sample correlation coefficient for two
independent sources [24]

5 MULTIMODAL INFORMATION VALUE ESTIMATION

Processing of a certain minimum necessary amount of information, received from
a subscriber, is a prerequisite for obtaining the given results. One of the simplest
models it may happen that one (Figure 5), in which the objective X (service real-
ization of X') can be attained in various ways z; (1 < j < n), where total number n
is known; at this, the probabilities of achieving the aim by different ways ¢(x;) are
a priori unknown.

(})(IE):O:OS

Figure 5. Ways of achieving the objective of functioning in the a) existing and b) multi-
modal ICS
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In order to solve the problem in the most efficient way, the information obtained
should allow determining the values ¢(z;) on the paths z; and choosing the path
(paths), where the value (z;) is the largest. The more valuable the information I;
from the source Y is, the greater the likelihood of attaining the objective. It should
be noted that even without receiving the information, the likelihood of achieving
the objective ®(X) is not equal to zero, because even for a random (arbitrary)
choice of the path z;, the objective can be achieved. Based on the above stated, as
a measure of sensitivity, we take the value of difference Z; between the probabilities
of achieving the objective in the absence of information ®(X) and upon receipt of
the i*" message:

Z, = 0,(X) - 0(X). ©)

The value Z; can theoretically be negative, which reflects the receipt of false
information (disinformation). Hereafter, we assume that the information received is
true, and then always Z; > 0.

The probability of attaining the objective at a random choice of one of the paths
x; is

9(X) =3 Pele) (10)

where P; is the probability of choosing the 4" path Zj.

Before receiving information, this value has some a priori distribution. It is
natural to assume that in the total absence of a priori information, the choice of
different ways is equiprobable, then

1 1 —
P, == =const; ®(X)=-— . 11
j = = const; (X) n;ﬂ%), (11)

i.e., the probability of achieving the objective in the absence of information equals
the average value ¢(z;) over all n paths.

Receiving information /;; from the ;™" message about j™ path changes the proba-
bility distribution P;. This posterior distribution is largely determined by subjective
factors that appear in the decision taken by a man or put into the behavior of the
technical system. Therefore, complete formalization of the system behavior at ob-
taining information is difficult. However, in some typical cases one can observe some
general trends of changing distribution P;.

1. The message I;; provides information about the value p(z;) only at one j* path
and does not contain any information about the other (n — 1) paths; therefore,
the choice of any of these (n — 1) paths is equiprobable. Then

1 n

B(X) = Pple) + 0 | Ype) + Y wla| . (2

j7
k=1 k=j+1
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It is natural to assume that, in this case, the higher the probability ¢(z;),
which can be expected to achieve the objective X, based on the information
received from the source y;, the more probable the choice of the path z; is. P; —
dependence on ¢(z;) is a non-decreasing function, which lies within the range
[0,1]. If we take for its approximation a function convenient for calculations

Py = [p(z))]" (r > 0), (13)

a characteristic of the values of the i*" message about the j path is obtained
in the form

2l = lplay 7 + L) Deton)+ 3 et St (10

Even if on the j* path @(z;) = 0, then even in this case Z; > 0, since the prob-

ability of choosing this path P; = 0, and, therefore, this a priori unproductive
path is excluded from the future behavior of the system. The case (Figure 64a))
is specific for the existing unimodal ICS, where service implementation involves
processing and transmitting messages of one type (audio, video, or data)lﬂ.

2. The message I; provides information about the values ¢(z;) on all n paths. In
this case, it is necessary to choose that path for which ¢(z;) s a maximum value,
then ®//(X) = g ax(z;).

In this respect, a characteristic of the information value will be
1 n
ZI(X) = Pmar(s) = ~ > ela). (15)
k=1

The case (Figure 6b)) is common to multiservice ICS, in which heterogeneous
data stream is processed and transmitted, however, there are no mechanisms
that can clearly define values ¢(x;), even with a small number of paths.

3. The message I; provides information about the values ¢(x;) on M (M < n)
from n paths and does not contain any information about the other (n — M)
paths; the choice of any of these (n — M) paths is equiprobable. Then

M n
1
OM(X) =Y Pplay) + = D Puplan) (16)
j=1 k=M+1

! The probabilities of achieving the objective on different paths are defined in a graph
(Figure 4)
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Figure 6. The value of information being processed by a) unimodal and b) multimodal
subscriber terminals

Taking into account (5), a characteristic of the values of the i*" message about
the ;™ path is obtained in the form

M n n
2= Yl Y e - Y em). (1)
j=1 k=M+1 k=1
This case (Figure 6b)) is common to polymodal ICS, in which the signals of
single modalities (their parameters) are processed and transmitted. In this re-
spect, given the presence of the developed algorithms {aly, ..., aly} for single
modalities identification, it is possible to uniquely determine the values ¢(z;).
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Analysis of the dependence of the probability of achieving the objective X on
a number of “used” by the subscriber modalities Ny, (Figure 7) allows us to con-
clude that for a given probability of choosing P; (r = 0,1) communication channel
(the j' path (paths)), the probability ®;(X) of achieving the purpose of multimodal
ICS grows with the increase of Ny,;. This system should be built so that the sources
and ways of information processing communicated messages about those paths x;
that ensure the maximization ®;(X). Thus, the algebraic expression () clearly links
information value with multimodal ICS effectiveness probability of reaching the
purpose X (service implementation) — and allows one to determine the minimum
required number of introduced objects M = minNyy, that is used to assess the
multimodal information integrity:

M
s L 10
1 v Z T, Cm (18)
m=1

where C,, is the credibility of the assessment of the m™ introduced object’s state;
the m'™ index of the completeness of information is defined as

o )1, if there is introduced object;
0, —in the contrary case.

(I)]
04 T T T T T T T
mm
o '
03
(I)I
02} i e
01} s
1 L 1 1 N]‘u
0
1 2 3

Figure 7. The dependence of the probability of attaining the objective on a number of
modalities

In case of the traditional infocommunications, introduced objects at the data
transmission network level are blocks of data corresponding to telecommunication
services. As for multimodal ICS, introduced objects are blocks of data that carry
information about different aspects of the communicative act (communication par-
ties). This corresponds to rejection of the traditional principles to provide commu-



Multimodal Subscriber Interfaces for Infocommunication Systems 921

nication services to the user, stated in this study, in favour of ensuring polymodality
of communication via technical means of communication.

6 CONCLUSIONS

The review of the latest achievements in science and technology regarding the de-
velopment of multimodal user terminals showed that the transition from providing
traditional communication services to transmitting and receiving signals of differ-
ent modalities will contribute to reduction or elimination of technical barriers of
interpersonal communication. At the level of decision-making, integration of se-
mantically different information transmitted over different communication channels
allows for offering higher quality services. This approach is new in the subject area
and requires a variety of research studies to develop innovative elements of the the-
ory of multimodal information transmission. This paper shows the increase of the
informational efficiency of the multimodal communication systems based on multi-
modal subscriber interfaces, compared to traditional telecommunications. Taking
into account the introduced notion of information value, the expediency of transition
to multimodal communication systems is grounded. There are prerequisites for lay-
ing down the general principles of constructing multimodal communication systems,
and in particular, for choosing functional structures and signals (parameters) that
possess the most favorable informational characteristics. The proposed approach for
constructing multimodal communication systems is implemented in several develop-
ing application for videoconferencing and distributed E-meetings system [25] 26, 27].
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