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Abstract. The world around us offers continuously huge amounts of infor-

mation, from which living organisms can elicit the knowledge and under-

standing they need for survival or well-being. A fundamental cognitive fea-

ture, that makes this possible is the ability of a brain to integrate the inputs it

receives from different sensory modalities into a coherent description of its

surrounding environment. By analogy, artificial autonomous systems are de-

signed to record continuously large amounts of data with various sensors. A

major design problem by the last is the lack of reference of how the informa-

tion from the different sensor streams can be integrated into a consistent de-

scription. This paper focuses on the development of a sinergistic integration

principle, supported by the synchronization of the multimodal information

streams on temporal coherence principle. The processing of the individual in-

formation streams is done by a self organizing neural algorithm, known as

Neural gas algorithm. The integration itself uses a supervised learning meth-

od to allow the various information streams to interchange their knowledge

as emerged experts. Two complementary data streams, recorded by explora-

tion of autonomous robot of unprepared environments are used to simultane-

ously illustrate and motivate in a concrete sense the developed integration ap-

proach.

1 Motivation.

The ability of a brain to integrate the inputs it receives from different sensory modalities

into a consistent description of its surrounding world is its basic feature, that helps us

orient in tasks with different complexity. It has been widely argued how and whether at

all the integration takes place [5][6][9][10][14], and many models has been suggested

therefore[3][11][12]. 

The integration principle, that is featured in this paper is based on the understanding,

that there are two aspects of the integration process: (1) achieving a sinergistic integra-

tion of two or more sensor modalities and (2) actual combination (fusion) of the various

information streams at particular moments of their processing. 

The sinergistic integration relies on a hypothesis of how different percepts unify in the

brain. It is based on some evidences from temporal registration and binding experi-

ments [14]. For the actual combination the hypothesis is concreticised so that the differ-
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ent sources of sensory information are brought to one coherent representation. For this

purpose a synchronisation on a temporal principle is proposed. 

This paper focuses on an information combination method on a temporal coherence

principle. The combination is made within the framework of an integration strategy pro-

posed, and is widely intertwining with the application domain of concurrent mapping

and navigation[1][5]. 

Two complementary data streams, recorded during the exploration of unprepared envi-

ronments by an autonomous robot are used to simultaneously illustrate and motivate in

a concrete sense the developed integration approach. They provide information about

the movement of an autonomous robot from two perspectives: absolute - the robot

movement with respect to the surrounding objects (recorded by laser range finders) and

relative (recorded by the build-in gyroscope). 

The neurobiological experiments have shown, that information from one type of sen-

sors is processed separately on a certain time interval[6][14]. Accordingly, the process-

ing of the individual data streams is done separately, by a self-organizing neural struc-

tures (neural gas algorithm in particular [8]) each. The integration of the different infor-

mation streams ensues the hypothesis made, as well as the outcome of the experiments,

of Triesh at al. [13] and uses a backpropagation algorithm for ensuing the different

processing streams learn from each other.

 This paper is organized as follows: First, an integration hypothesis chooses the

scope, that the integration principle will follow. Further on the integration principle as

determined by the hypothesis is narrowed down to an practically implementable ap-

proach in section 3. Simultaneously, the applications domain is briefly introduced. The

flow-chart, shown in the next section follows the information transformations, which

bring the information from two orthogonal data streams into a coherent description.

Some results illustrate the plausibility of temporal integration principle.

2 Integration hypotheses.

It has been widely argued how the results of different processing systems come together

in the brain, to give an unitary perception of the surrounding world.

Chronologically first comes the hypothesis that there are one or more areas in the brain,

where integration of different processing streams physically takes place . 

Neurophysiological experiments have revealed that there is not a single area in the brain

to which different specialized areas uniquely connect. Instead, the brain activities,

caused by perception, as well as those, related to memory experiences are simultane-

ously active in different, highly interconnected functionally specialized areas. 

The other group of attempts to reveal the mechanisms that relate various activations is

based on the hypothesis, that there is a temporal relation of operations, performed in dif-

ferent processing streams. A precise temporal registration of the results of this opera-

tions is possible for intervals of time bigger than one second. The brain is therefore not

capable of binding together information entities from different modalities in real-time;

instead, it binds the results of its own processing systems.
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By far, there is not a single theory, that explains exactly how integrating takes place in

the brain. Instead of trying to answer to the question how the integration takes place, the

approach, suggested in this paper will be build on the hypothesis why the integration

takes place.

There are variety of answers to this question. The following reasoning will suggest one,

that gives a constructive basis for an integration strategy. On a level of a separate sensor

modality channel, the brain operates as a self-organizing information system. It obtains

inputs from various sensors and in any separate sensor modality stream it clusters the

information from its inputs in a self-organizing manner into asymmetric patterns. Since

every separate modality brings a different level of generality and scope of information

about the external world, the information from one modality can furthermore serve as a

“teacher” for the other modality.

In the static world we could use the answers we know as a teacher or expert knowledge.

Instead, in a changing world routines and category judgments from the past may be in-

adequate or misleading. Integrating the on-line, up-date information which brings dif-

ferent level of generality and is sensed from different scope, can give us a key of how

to adapt to the new situation and deal with it, and not to solve problems from the past

in the new reality. Therefore, the information integration is the mechanism, which al-

lows us to learn in a changing world. 

This hypothesis and its preliminaries suggest that we can process separately the infor-

mation from one type of sensors on a certain time interval in a self-organizing manner.

Evaluating the “superiority” of a certain sensor channel to judge more generally about

a specific aspect or feature of the reality, we can make it instead give the major notion

about the new encountered event. The other sensor stream can tune the certainty of the

information from the first stream and to enrich it with the nuances of the novelty. 

3 The integration approach.

In the previous sections of this paper an integration concept has been suggested. Here,

the conceptual considerations will be brought to a concrete, technically plausible ap-

proach. 

In the world of the artificial autonomous systems various sensors asynchronously pro-

vide information that has different meaning and sampling characteristics. In addition,

there are not established ways of combining the information from different information

sources. To achieve an actual combination of the multimodal information sources, the

following arguments will be used as a starting point:

• Data, that are perceived (recorded) at the same time relate to the same situation

(event).

• Processing of different data streams is done in separate modalities, followed by

synchronization on a temporal principle.

• The temporal synchronization is event-based, (in contrast to fixed time interval

based). 

In addition, according to the conceptual considerations outlined so far, first, an event-

based time intervals have to be defined. Second, the information, recorded within this
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intervals has to be brought to entities, that can be combined technically. And third, the

actual combination has to take place.                                                                                                     

To get a better intuition about the multimodal sensor integration approach, suggested in

this paper, the application task of mapping of unknown environments for the purpose

of navigation will be used.

The mapping task is to be solved by using the data, that a mobile robot records during its

exploration of an unprepared environment. Figure 1 shows the experimental environ-

ment. With black points on the floor are shown some places, which are encountered by

the robot as novel, and are clustered in different classes (situations), on the basis of the

sensor information, as it will be outlined further on. 

One can hardly think of a group of sensors, which can imitate the consummate descrip-

tion of the environment, that biological systems can create. As a plausible alternative, a

set of orthogonal sensors that can complement the perception of each other views on the

surrounding world, can be found. 

In [2] is elaborated on the relevance of the egocentric perspective of an autonomous ro-

bot in spatial modelling of previously unknown environments. The egocentric model in

[2] combines two types of information: absolute and relative with respect to the robot

motion.

As an absolute source of information are used the “views” that the robot perceives with

a laser range finder. The individual ‘view’ is formed by the record of 720 samples per

360 degrees. A snapshot of a polar representation of such a record is shown at figure 2a).

Snapshots are recorded at frequency of 4.7 Hz. The distances are presented in milime-

ters. 

Sequence of such snapshots, recorded during the robot exploration and stored in a short-

term memory (STM) - like manner, form a dynamical trajectory, which represents the

first information stream, used for the integration. It represents the absolute perspective

of the robot about its own motion (i.e. robot motion with respect to the surrounding ob-

jects). More details on dynamical trajectory formation can be found in [1]. Here only

the final description of the dynamical trajectory will be given:

Figure 1   Experimental environment.
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  (1)

As a relative perspective of the robot is taken the information from the build-in gyro-

scope. It reflects the way in which the robot perceives its own motion. As a most inform-

ative is decided to be the curve, describing the angular velocity of the robot, since it re-

flects the changes in the direction of the trajectory of the robot and is usually associated

with qualitatively novel situations in the surrounding environment, which have caused

this changes.

The temporal synchronisation of the two information streams is performed in the fol-

lowing way. After exploiting the information, that the egocentric perspective that a robot

can provide about its movement (based on path integration information - angular veloc-

ity data) and on landmark-type information, dynamic events have been created. This dy-

namic events are developed with minimal processing or interpretation of the recorded

data. They contain information from two highly orthogonal sensor sources (relative and

absolute).

In addition, information about the time cooccurence of the two sequences of dynamic

events (i.e. two time-dependant segments of measurements or representations that hap-

pened simultaneously) is used in order to make more complete final representation. 

Figure 3 illustrates the implementation of the principle of temporal synchronization

over the two information streams. The first one represents the dynamic trajectory, that

a robot takes during its exploration of an environment. The qualitatively different

“view”, that the robot observes define every new segment by this exploration (figure

3b). The duration of this segments determine the division of the other sensor data

stream, that reflects the changes in the angular velocity as recorded by a gyroscope, as

follows:

 (2)

Where  are correspondingly the lengths of the i-th segment of the absolute and

the relative streams of data, and  are the corresponding sampling frequencies.
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Figure 2   a)A sensor sample; b)Dynamic trajectory formation.
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This way, the synchronization of the two sensor streams is completed. Further on the

data streams have to be brought to the same representational format and integrated.

4 Information flow chart.

In this section in short will be explained the actual steps that developed approach takes

to accomplish integration of multimodal information streams.

After representing the information from the laser range finders in a dynamical way, as
discussed in the previous section, the first dynamical event is formed. It is prefered the
term ‘event‘ to ‘feature‘, because feature is usually associated with some kind of
processing of the underlying information, so that some of its essential properties are ex-
tracted. In this work neither processing of the information that presumes any sort of its
interpretation has taken place, nor extraction of some essentials is made. Instead, the
percieved information is coded as compact as possible, by using ideas from biological
systems.

As mentioned in the previous section, we distinguish exploration (learning) and testing

phase in our experiments. During the learning phase, a Neural gas (NG) algorithm clus-

ters the sequences of views, recorded during the exploration of the mobile robot of pre-

viously unknown environment. The moments, when a qualitively new view is encoun-

tered, are used for a temporal division of the second dynamical stream of information,

recorded by the build-in gyroscope. The distinctively new view is defined by a distance

measure, which by now is empirically defined.

The velocity trajectories, recorded by the gyroscope are divided into segments on an

event basis. The appearance of a new event is determined (as explained) by the absolute

information stream. The so defined segments are clustered in different classes with a

help of another NG network.

The testing phase takes similar operations, performed on the testing data sets. Instead

of clustering, here is performed classification, according to the clusters, defined over

the exploration data. 

Figure 3   The temporal synchronization principle.
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For a better observability, the so described processing steps will be shown in the follow-

ing information flow chart (figure 4).

5 Integration results.

To show the plausibility if the suggested integration principle, two processing strategies

are compared. The first one simply combines the clustering results from the both

processing streams, while the second uses the integration principle for the combination.

Both strategies are tested on recognizing passed (during the exploration phase) itinerar-

ies, while operating on the test data sets. 

By the processing strategy that involves integration on the basis of the developed prin-

ciple, the clustering/classification results from the relative processing stream are used

as a teacher for distinguishing similarly looking dynamic trajectories. After the explo-

ration data stream is clustered and the dynamic trajectories are defined, groups with

similarly looking final trajectories were distinguished. The similarities could be caused

either because the robot practically never passes the same itinerary by free exploration,

or because there are similarly looking places in the environment. Therefore, the velocity

information, represented as a sequence of classes was used as a teacher information, so

the similarly looking places are discriminated as different scenarios, while the differ-

Figure 4   Information flow by event-based integration.
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ences in the dynamical trajectory representation, caused by slight variations of the un-

derlying itineraries are considered as the same dynamical scenario.

6 Discussion.

The elaborated integration for concurrent mapping and navigation explains the percep-

tual hierarchy in the following way: the knowledge about the instant movement by hu-

mans and many animals contributes a lot to the short-time navigation, while in longer

time span they use their perceptions of the surrounding world. In brief analogy, the in-

formation that the robot perceives with his range sensors resembles the orientation ac-

cording to the remembered views, while the velocity information has an influential sim-

ilarities with the instant movement information by humans.

The important outcomes from the developed hypothesis and its implementation to the

considered integration case are as follows:

• The developed method takes into account measurements from a separate sensor

source on intervals that does not allow accumulation of errors which can affect

the modelling process.

• There is a dynamical way of coding both: the consequent perceptions as well as

the transitions between them. This is made possible also by the partially inde-

pendent ways of processing of the separate information streams.

• The only interpretation of the information, contained in the data streams is made

only with respect to defining the priority of the sensor judgements.

The experiments, analysed in [13] suggest, that the ways in which different modalities

are integrated depend on the information cues involved, and the nature of the task. The

reason, according to him that there is not an unique integration strategy developed yet

is that the biological systems do not use a single immutable strategy to combine differ-

ent percepts.

The hypothesis, made in this paper presumes, that the different percepts about an ob-

served event are processed separately in different sensor modalities. Therefore they   ac-

quire different scope and generality of the information about the event they describe. As

a result, the outcome of one processing stream can be used as a teacher to the other

processing stream’s outcome. Considering the argumentation of Triesh [13], we do not

tend to show, that this hypothesis is valid for any combination of percepts. Anyway, a

large range of validity of this hypothesis is expected. 

The shown results reflect actual experiments that aim concurrent mapping and naviga-

tion of unknown environment. In a way the shown results are preliminary: the integra-

tion principle argues, that the both information streams can be used as teacher of each

other, while the made experiments show how the second information stream, used as a

teacher of the first one improves the recognition rate with respect to a simple combina-

tion of the two information streams after  being processed. Our current work concen-

trates on the mutual learning of the two streams of each other and may need a develop-

ment of a novel supervised algorithm.   
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