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(57) Abstract: A method for observing a predetermined monitoring area, wherein one or more sensing platform nodes are employed
to observe a predetermined number of sub-areas of said monitoring area, comprises observing sub-areas of said monitoring area us -
ing the sensing platform nodes in order to collect measuring data for said sub-areas, providing at least one prediction model for ana -
lyzing predictability of measuring data for said sub-areas on the basis of collected measuring data, calculating future measuring data
for said sub-areas and calculating uncertainty of said future measuring data over time by the use of the prediction model, and
scheduling the sensing platform nodes for observation of said sub-areas according to a scheduling mechanism, wherein the schedul -
ing of the sensing platform nodes is dependent on the calculated uncertainty of said future measuring data predicted for said sub-
areas. Furthermore, a corresponding system is disclosed.
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METHOD AND SYSTEM FOR OBSERVING
A PREDETERMINED MONITORING AREA

The present invention relates to a method and a system for observing a
predetermined monitoring area.

Traditional monitoring techniques for a large area using mobile sensors are based
on periodically checking on different sub-areas of the large area. This guarantees
a maximum age of the observation, but is inappropriate for most scenarios, where
the rate of change for the observed variable can greatly differ from location to
location and change over time.

There are numerous scenarios where surveillance and monitoring of large areas
are required. These may include:

¢ Monitoring and surveillance of large areas for agriculture purposes

e Environmental or other survey operations such as deforestation, air
pollution or in the context of traffic analysis

e Monitoring due to contractually agreed security contracts and/or risk
assessment to prevent danger escalation at crowded places, e.g.
department stores, hospitals, airports, schools, etc.

Typically, the areas to be observed are orders of magnitude larger than the sum of
the areas each individual sensing platform can observe at any given time, in
particular if the number of devices of a fleet is fixed. This leads to the need to
coordinate and schedule the sensing platforms in a semi-coordinated fashion.

The basic rule of thumb normally involves ensuring that the last observation for
each sub area is fresher than a threshold maximum age. Naturally, this leads to
inefficiencies, since not all areas exhibit the same risks or change dynamics. To
palliate this, it is common to use domain knowledge and manual adjustments to
ensure that critical areas are observed more regularly or even continuously.
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The following application scenario applying a known method or system illustrates
its problems: For the purpose of traffic analysis one might decide to have a fleet of
drones with zenithal cameras looking down on the streets to estimate traffic and
people counts at different parts of a city. It would make sense to ensure that more
drones oversee the downtown areas on weekdays, or that at least drones either
stay longer in the area or come more regularly.

While this approach may work for normal situations, it has critical problems:

¢ The drone allocation is made manually based on domain knowledge, which
is likely to be biased. This could lead to situations where drones over-
examine areas deemed important, while under-examining middle or low
importance areas.

¢ The system evolves slowly: an area will only gain importance once events
of interest have been repeatedly observed in it, but that is likely to take a
long time, given that the area is, in the first place, under-observed.

In view of the above it is an object of the present invention to improve and further
develop a method and a system of the initially described type for observing a
predetermined monitoring area in such a way that information for the monitoring
area can be collected more efficiently.

In accordance with the invention, the aforementioned object is accomplished by a
method for observing a predetermined monitoring area, wherein one or more
sensing platform nodes are employed to observe a predetermined number of sub-
areas of said monitoring area, the method comprising:

observing sub-areas of said monitoring area using the sensing platform
nodes in order to collect measuring data for said sub-areas,

providing at least one prediction model for analyzing predictability of
measuring data for said sub-areas on the basis of collected measuring data,

calculating future measuring data for said sub-areas and calculating
uncertainty of said future measuring data over time by the use of the prediction
model, and
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scheduling the sensing platform nodes for observation of said sub-areas
according to a scheduling mechanism, wherein the scheduling of the sensing
plattorm nodes is dependent on the calculated uncertainty of said future
measuring data predicted for said sub-areas.

Furthermore, the aforementioned object is accomplished by a system for
observing a predetermined monitoring area, the system comprising at least one
sensing platform node for observing a predetermined number of sub-areas of said
monitoring area, at least one prediction model entity and at least one planner
entity,

wherein said system is configured to observe sub-areas of said monitoring
area using the sensing platform nodes in order to collect measuring data for said
sub-areas,

wherein said prediction model entity is configured to analyze predictability of
measuring data for said sub-areas on the basis of collected measuring data,

wherein said prediction model entity is further configured to calculate future
measuring data for said sub-areas and to calculate uncertainty of said future
measuring data over time, and

wherein said planner entity is configured to schedule the sensing platform
nodes for observation of said sub-areas, wherein the scheduling of the sensing
plattorm nodes is dependent on the calculated uncertainty of said future
measuring data predicted for said sub-areas.

According to the invention it has first been recognized that a scheduling of sensing
platform nodes according to actual information gain provides an enormous
improvement in the context of monitoring a large area, rather than traditional, more
rigid periodic or manual scheduling. Specifically, one or more sensing platform
nodes are employed to observe a predetermined number of sub-areas of a
predetermined monitoring area. Thus, measuring data for the sub-areas is
collected by observing the sub-areas of the monitoring area using the sensing
platform nodes. Further it has been recognized that information about the area that
shall be observed can be efficiently and flexibly obtained by providing a prediction
model for analyzing predictability of measuring data for the sub-areas on the basis
of the collected measuring data, wherein — according to the invention - future
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measuring data for the sub-areas together with the uncertainty of the future
measuring data are calculated by the use of the prediction model. The prediction
model may be implemented in a predicition model entity. The sensing platform
nodes for observing the sub-areas are scheduled according to a scheduling
mechanism, wherein the scheduling of the sensing platform nodes is dependent
on the calculated uncertainty of the future measuring data predicted for the sub-
areas. For instance, the scheduling may be controlled by a planner entity. Thus,
this information gain approach may enable an optimal scheduling of sensing
platform nodes for maximizing the monitoring information, e.g. collected by a
limited fleet or a predetermined and/or fixed number of sensing platform nodes. By
doing this, the predetermined monitoring area can be observed in an efficient and
flexible way.

Furthermore, it is mentioned that the term “sensing platform node” is to be
understood in the broadest sense. For example a sensing platform node may be
any movable or non-movable device having the capability to sense any kind of
data. For instance a sensing platform node may include, but is not limited to, a
drone e.g. equipped with a sensor and/or a camera as sensor, a car e.g. equipped
with radar sensors, a tablet e.g. equipped with a camera, a user equipment e.g.
equipped with a camera, a mobile user device e.g. equipped with a camera, a cell-
phone e.g. equipped with a camera, a tablet computer e.g. equipped with a
camera, or a personal computer e.g. equipped with a camera, a microphone, or
the like.

According to embodiments of the invention the sensing platform nodes may
include mobile sensing platform nodes that are movable to, preferably different,
sub-areas of the monitoring area, wherein the mobile sensing platform nodes are
moved individually to the sub-areas for observing the sub-areas according to the
scheduling mechanism. The mobile sensing platform nodes may include mobile
robots, robot vehicles, drones, etc. The nodes may be configured to be remotely
directed. Thus, the scheduling according to the scheduling mechanisms enables
an efficient and flexible distribution of the nodes over the sub-areas of the
monitoring areas for collecting measurement data and information. For example,
by providing statistical information guarantees and/or gain and performing the
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scheduling mechanisms for the covered area the amount of required mobile
sensing platform nodes may be reduced.

According to embodiments of the invention the sensing platform nodes may
include static sensing platform nodes that are located on, preferably different, sub-
areas of the monitoring area, and wherein the static sensing platform nodes are
accessed and/or actuated for observing the sub-areas according to the scheduling
mechanism. To this extent, accessing and/or actuating the static sensor platform
nodes may mean that a predetermined number of computers employs the static
sensing platform nodes for observing the sub-areas by controlling and switching to
the static sensing platform nodes according to the implemented scheduling
mechanism. Thus, embodiments of the invention may be applied to more
scenarios than just swapping sensors between locations. For instance, in case of
the sensing platform nodes are static, it may be provided that the ability to read
from these sensing platform nodes could be the dynamic element. An intuitively
understandable example may be given as follows, namely a collection of cameras
which cannot all be observed at the same time. In other words, such an
embodiment has the peculiarity that instead of discussing e.g. geographical areas
having to be monitored, the scheduling concerns the access to distinct resources
in the form of the static sensing platform nodes. For example, it is possible that a
predetermined number of computers monitors a higher number of static sensing
platform nodes, wherein, e.g., only one computer can monitor only one static
sensing platform node at a time, such that the scheduling and/or the scheduling
mechanism regulates the switching among the sensing platform nodes. An
example in this regard would be a scenario where 100 cameras are being
monitored by a set of 10 computers, where each computer can only observe one
computer at a time. In such a case, the computers would switch among cameras
much like mobile sensing platform nodes would switch around locations.

According to embodiments of the invention the sensing platform nodes may sense
a numerical magnitude that can be quantified by measurement. For instance, the
sensing platform nodes may observe the sub-areas by sensing a chemical and/or
physical quantity. This may be applied, but is not limited to, in the context of
environment measures e.g. concerning thermal, humidity and/or CO2, in the
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context of pollution, deforestation and/or water salinity, in the context of detecting
traffic flows and/or people flows, etc. Consequently, the sensing platform nodes
may detect and observe a characteristic of their environment, wherein the
guantity/magnitude measured by the sensing platform nodes represents the
characteristic of the sub-area. For example, the sensing platform nodes may be
equipped with one or more sensors for measuring pressure, temperature, force,
torque, acceleration, magnetic field, radiation, video surveillance, etc.

According to embodiments of the invention the measuring data of an observed
sub-area may be provided as a time series of values, wherein by learning from
acquired values the prediction model is derived for predicting future values
representing the future measuring data of the sub-area. To this extent, it may be
provided that each observable sub-area is considered as a time series of values
provided by an arbitrarily complex sensor.

For instance, it may be provided that a fleet of mobile sensing platform nodes is
considered as a traditional wireless sensor network (WSN) with the exception that
the mobile sensing platform nodes can be moved to desired locations or rather
sub-areas. Embodiments of the invention might borrow from ideas developed in
the context of WSN. With regard to WSN, power consumption is a specific
problem. WSN devices are typically low power optimized and meant to last in the
field for long periods. As such, their main power drains comes not from their
normal operations including sensing, but from actually transmitting the collected
information over a wireless link. To ease the power burden of communication,
miscellaneous techniques have been developed for WSN. However, according to
embodiments of the invention, it is focused on lossy data compression: by learning
from values sensed up to the present time, a sensor may attempt to derive a
model that explains future values in a variety of ways including sensing the
parameters that govern a stochastic process that mimics the observed data, or
transmitting an expected value together with its expected uncertainty. Mobile
sensing networks, as opposed to their WSN counterparts, do not suffer from the
same constraints. Typically, the energy required to physically move the mobile
sensing platform nodes far outweighs the communication costs. Their constraint is
much more subtle: by measuring at a location, the system sacrifices its knowledge
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about other locations. Embodiments of the invention may use algorithms and/or
mechanisms for the purpose of power saving which have been developed in WSN,
however in a new area relating to mobile sensing platforms, and for a different
purpose: maximizing the information a system collects for a large observed area.

Furthermore, it may be provided that time series generated by a sensing platform
node are evaluated, preferably by using an off-the-shelf prediction algorithm such
as ARIMA (Autoregressive integrated moving average), Kalman Filters, etc. In this
regard, it is exemplarily referred to “A New Approach to Linear Filtering and
Prediction Problems”, Transactions of the ASME - Journal of Basic Engineering,
No. 82 (Series D), 1960, pp. 35-45 by R. E. Kalman.

According to embodiments of the invention the uncertainty of calculated future
measuring data may be calculated by determining and considering confidence
intervals pertaining to the calculated future measuring data. The prediction
algorithm may be used to predict future values, and will yield not only estimated
values, but also a confidence interval, e.g. the temperature will be 5C +/- 1C.
Typically confidence intervals expand the further away it is attempted to predict.
Therefore it may be assumed that while predicted temperature will be within +/- 1C
in the next 5 minutes, it might be expected that the temperature is, for instance, +/-
5C in an hour. Hence, uncertainty prediction over time may be performed by
determining confidence intervals in the future.

For the purpose of mathematical analysis, it may be assumed a simplified model
that estimates confidence interval width as a function of time that increases
proportionally with a factor a:

uncertainty(t) = |maxval(t) — minval(t)| = a - (t — t,)

Here, factor a may indicate how much uncertainty will increase the further away
the considered time t is from to. Note that a is the modelled parameter, and
depends on the surveyed area, i.e. the position of the mobile sensing platform. It is
mentioned that a might be linear or non-linear. Thus, the goodness of a
surveillance using a cost function can be defined.
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According to embodiments of the invention, it may be provided that the scheduling
is performed on the basis of a cost function J(t) according to

J(@) = Z P; - uncertainty;(t) Vi € sub-areasto observe
i

wherein uncertaintyi(t) is the uncertainty of predicted future measuring data for
sub-area i at time t, wherein parameter P; is 0 when a sensing platform node
observes sub-area i at time t, and wherein parameter P; is 1 when the sensing
platform node does not observe sub-area i at time t. Thus, the information
gathered from a sensing platform node may be optimized for the available sensing
platform nodes.

Consequently, according to a cost function J(t), Pi may be 0 or 1 depending on
whether a sensor of a sensing platform node is located at sub-area i at time t. If
the sensor is in the sub-area, the P; is 0, meaning the uncertainty is 0. If there is no
sensor at sub-area i, then P; is 1, and an aggregated uncertainty is determined as
per the above formula J(t).

According to embodiments of the invention an optimization algorithm may be
employed in order to determine the scheduling of the sensing platform nodes such
that the uncertainty is minimized. For example, once t is fixed in the above formula
J(t), traditional optimization algorithms may be used to find the combination of
locations of sensing platform nodes, i.e. the collocation of the nodes in sub-areas,
that minimizes the uncertainty. For example, a gradient descent may be used as
optimization algorithm.

According to embodiments of the invention the scheduling mechanism may
consider an aggregated uncertainty of the predicted future measuring data with
regard to the observed monitoring area, wherein the scheduling is performed in
such a way that the aggregated uncertainty is reduced and/or minimized.

According to embodiments of the invention the scheduling mechanism may adjust
the duration for observing a sub-area in such a way that sufficient measuring data
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are collected for the sub-area in order to enhance the prediction model being able
to calculate future measuring data. To this extent, the observation duration may be
adjusted in such a way that the uncertainty of the calculated future measuring data
does not exceed a predetermined uncertainty. Thus, the prediction model may be
able to provide an uncertainty of its calculated future measuring data that does not
exceed a predetermined uncertainty. By doing this, it may be chosen and
determined when a prediction model is good enough or acceptable, i.e. when can
the improving and processing of the prediction model be stopped because the
provided/available uncertainty is acceptable. In this regard it is considered whether
staying for a short time longer will enable the sensing platform node to remain
away from this location for longer. In extreme cases, this might mean that unless
the sensing platform node stays longer at this location there are no means to
predict any data with any reliability, because the data collected so far is rubbish.
Furthermore, this may be applied in a situation where multiple sub-areas should
monitored periodically, but sensing takes a varying amount of time depending on
interferences, occlusions or other physical phenomena. In such a case, mobile
sensing platform nodes might need to remain longer in sub-areas where sensing is
harder, and potentially build a prediction model to assess the validity of the
measures taken thus far. Hence, in such an example, the validity of the acquired
data can be maximized.

According to embodiments of the invention the scheduling mechanism may be
individually implemented in the sensing platform nodes such that the sensing
platform nodes are able to make autonomous scheduling decisions. Thus, mobile
sensing platform nodes may be autonomously routed based on information
guarantees and/or information gain, without the need of a centralized planning
entity that controls all of the available sensing platform nodes.

According to embodiments of the invention the uncertainty of predicted future
measuring data of a sub-area may be calculated by considering the uncertainty
and/or measuring data of one or more nearby sub-areas. Thus, the uncertainty in
sub-areas near to the sensing platform node may be considered: the further into
the future we look, the more uncertainty we have for the measurement in that sub-
areal/location additionally, the further away we go from the point of measurement,
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the more the uncertainty increases. Uncertainty therefore depends on how long
ago a measurement was taken at the position or at a neighbouring position. In
principle, it may be stated that uncertainty of predicted data is calculated and
according to embodiments of the invention it may be considered the case where
reading from one sensor will not only provide data about the location where that
sensor is, but also information about near-by locations where other sensors might
be. An intuitively understandable example concerns temperature sensors: if it is 15
degrees here, then it won’t be 100 degrees in the next room. So even without
visiting a location to verify predictions, it might still be able to update the model /
verify the predictions — reduce the uncertainty — by using a model of how the
sensors of different sensing platform nodes relate to one another.

According to embodiments of the invention, it may be provided that the prediction
model entity and/or the planner entity is/are implemented at the sensing platform
node.

Furthermore, according to embodiments of the invention, it may be provided that
the prediction model entity and/or the planner entity is/are implemented
centralized, in particular at a receiver that receives measuring data collected by
the sensing platform nodes.

Further features, advantages and further embodiments are disclosed or may
become apparent from the following:

According to the present invention and/or preferred embodiments the uncertainty
of the predicted data over time may be calculated, i.e. how much the uncertainty
increases over time. It is predicted data using prediction models which get better
the longer it is observed the actual readings. Hence, one has to choose where to
collect data, e.g. from sensors at location 1 or at location 2, so as to minimize the
combined/aggregated uncertainty between locations, i.e. sub-areas of a
predetermined monitoring area. One may use the ability to calculate the
uncertainty of predicted measuring data to determine when it is beneficial to stop
predicting and instead start collecting actual measuring data, however at the cost
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of stopping the data collection at another location/sub-area and starting to predict
data with increasing uncertainty there.

The present invention and/or preferred embodiments may provide the following
advantages:

¢ faster adaptation to scenarios where areas of interest are not constant;

¢ automated scheduling of sensing platform nodes that requires less manual
oversight;

e self-healing mechanism that may automatically organize remaining mobile
sensing platform nodes in case of failure of a mobile sensing platform node.

There are several ways how to design and further develop the teaching of the
present invention in an advantageous way. To this end it is to be referred to the
patent claims subordinate to patent claim 1 on the one hand and to the following
explanation of preferred embodiments of the invention by way of example,
illustrated by the figure on the other hand. In connection with the explanation of the
preferred embodiments of the invention by the aid of the figure, generally preferred
embodiments and further developments of the teaching will be explained.

In the drawings
Fig. 1 is a schematic view illustrating a mobile sensing platform node that may
be used in a method or a system according to an embodiment of the

present invention,

Fig. 2 is a schematic view illustrating an application scenario of a method and a
system according to an embodiment of the present invention,

Fig.3 is a schematic view illustrating an application scenario of a method and a
system according to an embodiment of the present invention,
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Fig. 4 is a schematic view illustrating a mobile sensing platform node that may
be used in a method or a system according to an embodiment of the
present invention,

Fig. 5 is a schematic view illustrating an application scenario of a method and a
system according to an embodiment of the present invention,

Fig. 6 is a diagram illustrating the development of uncertainties over time in the
context of an application scenario of a method according to an
embodiment of the present invention, and

Fig. 7 is a diagram illustrating the development of an aggregated uncertainty J(t)
according the an application scenario of a method according to an
embodiment of the present invention.

Fig. 1 is a schematic view illustrating a mobile sensing platform node that may be
used in a method or a system according to an embodiment of the present
invention. The mobile sensing platform node of Fig. 1 comprises a sensor, a
prediction model entity for model creation and a transmitter. Sensor stimuli effect
the sensor which then passes the sensed data to a transmitter. The transmitter
sends the measuring data to a data sink that collects all the information. In
addition, however, the mobile sensing platform node may create a model using the
prediction model entity. The created prediction model can be used to predict future
values, i.e. future measuring data as well as their uncertainty, which is sent along
with the measuring data to the data sink.

Fig. 2 shows an application scenario of a method and a system according to an
embodiment of the present invention, wherein the illustrated system for observing
a predetermined monitoring area comprises mobile sensing platform nodes in
accordance with the embodiment depicted in Fig. 1. The mobile sensing platform
nodes collect and generate measuring data which are sent to a receiver as data
sink. The prediction model may be then used at the planning phase in the planner
entity as shown in Fig. 2, wherein the planner entity is centrally implemented on
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the receiver end. Furthermore, the system includes a data storage in the receiver
end.

Essentially, the prediction models created at the sensing platform nodes may be
used to estimate the quality of information prediction for the sensor location, and
this is used to have mobile sensing platform nodes remain on a spot or move them
to sub-areas where they are more needed.

Fig. 3 shows an application scenario of a method and a system according to
another embodiment of the present invention, wherein an embodiment is
illustrated where a prediction model creation is done in the receiver end. Thus, the
prediction model entity is implemented and located centrally in the receiver end.
Furthermore, a data storage is located on the receiver end.

Fig. 4 is a schematic view illustrating a mobile sensing platform node that may be
used in a method or a system according to an embodiment of the present
invention. The mobile sensing platform node of Fig. 4 comprises a sensor, a
prediction model entity for model creation, a planner entity and a transmitter. The
local implementation of the planner entity at the mobile sensing platform node
enables to add autonomy to the mobile sensing platform node. Thus, as described
with regard to Figs. 1 to 3, the information from the prediction model is also used
in a planner entity/module which is inside the mobile sensing platform node.
Consequently, the procedure may be basically analogous to the embodiments of
Figs. 1 to 3, however with the difference that there is no need for an external
system that takes on the role of the planner. For example, an on-board module
may be implemented that enables the mobile sensing platform node to make
independent decisions regarding the location and schedule of future locations/sub-
areas to visit, and when to do so.

Fig. 5 is a schematic view illustrating an application scenario of a method and a
system according to an embodiment of the present invention, wherein a fleet of
more than one mobile sensing platform nodes using a scheduling mechanism to
schedule their collective actions without a central planner module. According to the
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embodiment depicted in Fig. 5, the planner entities of several mobile sensing
platform nodes may communicate among themselves.

Fig. 6 illustrates the development of uncertainties over time in the context of an
application scenario of a method according to an embodiment of the present
invention. The values on the y-axis represent the uncertainty for the respective a.
The x-axis shows the number of time steps since the last sensor of the sensing
platform node reading at a location. The longer ago the last sensor reading was,
the higher the uncertainty for that location will be.

According to the application scenario of Fig. 6, the times series coming from a
mobile sensing platform node can be evaluated using off-the shelf prediction
algorithms such as Kalman Filters, ARIMA etc. These can be used to predict
future values, and will yield not only an estimation, but also a confidence interval
(e.g. the temperature will be 5C +/- 1C). Typically confidence intervals expand the
further away it is attempted to predict. Therefore it may be known that while
predicted temperature will be within +/- 1C in the next 5 minutes, it might be
expected that the temperature is, for instance, +/- 5C in an hour.

For the purpose of mathematical analysis, it is assumed a simplified model that
estimates confidence interval width as a function of time that increases
proportionally with a factor a:

uncertainty(t) = |maxval(t) — minval(t)| = a - (t — t,)
Here, a indicates how much uncertainty will increase the further away the
considered time t is from t0. Note that a is the modeled parameter, and depends

on the surveyed area, i.e. the position of the mobile sensing platform.

With this, it is now able to define the goodness of a surveillance using the following
cost function J:

J(t) = Z P; - uncertainty;(t) Vi € areasto observe
i
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Pi is 0 or 1 depending on whether a sensor is located at location i at time t. If the
sensor is in the location, the P;i is 0, meaning the uncertainty is 0. If there is no
sensor at location i, then P; is 1, and uncertainty is determined as per the above
formula.

Once t is fixed, it can be used traditional optimization algorithms such as gradient
descent to find the combination of locations of mobile sensing platform nodes that
minimizes the uncertainty.

The main factor affecting the solution will be a, which indicates how quickly
uncertainty increases for an area over time. In a simplified scenario, there could be
a1 = 3 and a2 = 1 for locations/sub-areas 1 and 2. The graphs illustrated in Fig. 6
show the development of the uncertainties a1 and a2. The respective graphs show
how the uncertainty about a location will increase for as long as there is no sensor
at this location/sub-area.

Of course, once a sensor is placed at a location the uncertainty at this location
drops to zero.

From the growing uncertainties, it can then be calculated the accumulated or
aggregated uncertainty at all locations/sub-areas using, e.g., the formula provided
before for calculating J(t). Specifically, this is exemplarily illustrated by the
following example, which will detail how the aggregated uncertainty J(t) may be
calculated.

The uncertainty at a location where it is a sensor is zero, the uncertainty at a
location without a sensor increases each time step (but drops to zero once it is
placed a sensor there). In graphs of Fig. 6 the lines represent the uncertainty for
both locations, n time steps after t = 0 (with 7 being marked in the x-axis). While
the uncertainty for location 1 and 2 increases continuously, the system -
aggregated — uncertainty J(t) (the lowest aggregated uncertainty for both locations
given that it has only one sensor to allocate to both locations for each time step),
shown in Fig. 7, increases to 3 but does not exceed it. The following step by step
walkthrough will explain why this is the case.
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It is started “fresh” (so to speak) which basically means that it starts with zero
uncertainty at either location. This is equivalent to saying that t} (the last time step
at which it has a sensor reading at location ) = 0 for both locations.

e Att =0, we have a sensor in location 1 and remove the sensor in location 2
thus: P,=0, P,=1, and for both locations t, = 0 (t3 = 0, tZ = 0)
The ‘uncertainty for sensor 1’ is uncertainty,(0) = (3-0) =0

O
O
o The ‘uncertainty for sensor 2’ is uncertainty,(0) =(1-0) =0
o J(0) = P, - uncertainty,(0) + P, - uncertainty,(0)
o P,=0, P,=1, therefore uncertainty J(0) =0-0+1-0
e Att =1, we do not move the sensor (thus P,=0, P,=1).
o for location 1 t§ =1, for location 2 t3 = 0 (indicating the last sensor
reading there)
(t—t3) =1 —-1) =0, thus uncertainty;(1) =a-0=0
(t —t3) = (1 -0) =1, thus uncertainty,(1) =a-1 =«
The ‘uncertainty for sensor 1’ is uncertainty,(1) = (3-0) =0
The ‘uncertainty for sensor 2’ is uncertainty,(1) = (1-1) =1
J(1) = P, - uncertainty,(1) + P, - uncertainty,(1)
P,=0, P,=1, therefore uncertainty J(1) =0-0+1-1=1

o o0 O O O ©

e Att =2, we do not move the sensor (thus P,=0, P,=1).
o for location 1 t3 = 2, for location 2 t2 = 0
o (t—t}) =(2-2)=0,thusuncertainty;(2) =a-0=0
o (t—1t2)=(2-0)=2,thus uncertainty,(2) = a-2
o The ‘uncertainty for sensor 1’ is uncertainty;(2) = 0
o The ‘uncertainty for sensor 2’ is uncertainty,(2) = (1-2) = 2
o J(2) = P, - uncertainty,(2) + P, - uncertainty,(2)
o P;=0, P,=1, therefore uncertainty J(2) =0-0+1-2=2

e Att =3 we entertain two cases:
o Case 1: do not move the sensor (thus P,=0, P,=1)
= for location 1 t3 = 3, for location 2 t2 = 0
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(t —t3) = (3—-13) =0, thus uncertainty;(3) =a-0=0

(t —t2) = (3 — 0) = 3, thus uncertainty,(3) = a3

The ‘uncertainty for sensor 1’ is uncertainty,(3) =0

The ‘uncertainty for sensor 2’ is uncertainty,(3) = (3-1) =3

for this sensor allocation uncertainty J(3) =0-0+1-3 =3
o Case 2: we do move the sensor from location 1 to location 2 (thus P, =1,

P,=0).

for location 1 t3 = 2 (from the previous time step), for location 2
t2 =3

(t—t3) = (3 —2) =1, thus uncertainty;(3) =a-1=«a

(t —t2) = (3 —3) =0, thus uncertainty,(3) =a-0=10

The ‘uncertainty for sensor 1’ is uncertainty,(3) = (3:1) =3
The ‘uncertainty for sensor 2’ is uncertainty,(3) = (1-0) =0

for this sensor allocation uncertainty J(3) =1-34+0-0=3

So far it has been explained the values for J(t) shown in Fig. 4. If we now take a

look at the two choices we have for t = 4, and assume that we did not move
sensors at t = 3, (thus P;=0, P,=1)

e [ft = 3 validates P,=0, P,=1, then at t = 4 we can again entertain two cases:

o Case 1: P;=0, P,=1 (no change in the placement of sensors)

for location 1 t§ = 4, for location 2 tZ = 0

(t—t3) = (4 —4) =0, thus uncertainty;(4) =a-0=0

(t —t2) = (4 — 0) = 4, thus uncertainty,(4) = a - 4

The ‘uncertainty for sensor 1’ is uncertainty,(4) = 0

The ‘uncertainty for sensor 2’ is uncertainty,(4) = (4+-1) = 4

for this sensor allocation uncertainty J(4) =0-0+1-4 =4
o Case 2: we do move the sensor from location 1 to location 2 (thus P, =1,

P,=0).

for location 1 t3 = 3 (from the previous time step), for location 2
t2 =4

(t—td) = (4 —3) =1, thus uncertainty,(4) =a-1=«a

(t—t3) = (4 —4) =0, thus uncertainty,(4) =a-0=10

The ‘uncertainty for sensor 1’ is uncertainty,(4) = (3-1) =3
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» The ‘uncertainty for sensor 2’ is uncertainty,(4) =(1-0) =0
for this sensor allocation uncertainty J(4) =1:-3+0:-0 =3

Clearly Case 2 is better (when no sensors are moved at t = 3). The two choices
we have for t = 4, assuming that we did move sensors at t = 3, (thus Case 2,
resulting in P;=1, P,=0), leaves us with:

¢ |f, however, t = 3 validates P,=1, P,=0, then at t = 4 we can again entertain
two cases:
o Case 1: changing the placement of sensors (P;=0, P,=1)

= for location 1 t4 = 4, for location 2 tZ = 3
= (t—t}) =4 —-4) =0, thus uncertainty;(4) =a-0=0
= (t—t2) = (4—-3) =1, thus uncertainty,(4) = a-1
»= The ‘uncertainty for sensor 1’ is uncertainty;(4) = 0
» The ‘uncertainty for sensor 2’ is uncertainty,(4) = (1-1) =1

for this sensor allocation uncertainty J(4) =0-0+1-1=1

o Case 2: we do not move the sensors (thus P,=1, P,=0).
= for location 1 t3 = 2 (from the previous time step), for location 2
t2 =4
= (t—t) = (4 -2) =2, thus uncertainty,(4) = a2
= (t—t2) =(4—4) =0, thus uncertainty,(4) =a-0=10
» The ‘uncertainty for sensor 1’ is uncertainty,(4) = (3-2) =6
» The ‘uncertainty for sensor 2’ is uncertainty,(4) =(1-0) =0
for this sensor allocation uncertainty J(4) =1-6+0-0=6

Thus, at t=3 it is J(t) =3 independent of our choice. However, at t =4,
depending on the choice made at t = 3, we can either reduce J(t) to 1 or keep it at
3. This illustrates that using the presented approach enables us to consider future
uncertainty gain in our choice (here for the allocation of a sensor to location 1 or 2)
with the aim to reduce the overall information uncertainty in the system.

Thus, using the method according to an embodiment of the present invention, the
information gathered from the sensor may be optimized for the available sensors.
As shown by the application scenario of Figs. 6 and 7, had it used a traditional
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system and sampled sub-areas periodically, uncertainty would increase because it
is monitored sub-area 2 — which changes slowly or predictable — while letting sub-
area 1 rapidly evolve and increase the uncertainty of the collected information.

This invention and/or preferred embodiments proposes an information gain
approach to optimally schedule mobile sensors which maximizes the collected
information for a limited sensor fleet size.

Many modifications and other embodiments of the invention set forth herein will
come to mind to the one skilled in the art to which the invention pertains having the
benefit of the teachings presented in the foregoing description and the associated
drawings. Therefore, it is to be understood that the invention is not to be limited to
the specific embodiments disclosed and that modifications and other embodiments
are intended to be included within the scope of the appended claims. Although
specific terms are employed herein, they are used in a generic and descriptive
sense only and not for purposes of limitation.
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Claims
1. Method for observing a predetermined monitoring area, wherein one or

more sensing platform nodes are employed to observe a predetermined number of
sub-areas of said monitoring area, the method comprising:

observing sub-areas of said monitoring area using the sensing platform
nodes in order to collect measuring data for said sub-areas,

providing at least one prediction model for analyzing predictability of
measuring data for said sub-areas on the basis of collected measuring data,

calculating future measuring data for said sub-areas and calculating
uncertainty of said future measuring data over time by the use of the prediction
model, and

scheduling the sensing platform nodes for observation of said sub-areas
according to a scheduling mechanism, wherein the scheduling of the sensing
plattorm nodes is dependent on the calculated uncertainty of said future
measuring data predicted for said sub-areas.

2. Method according to claim 1, wherein said sensing platform nodes include
static sensing platform nodes that are located on sub-areas of said monitoring
area, wherein said static sensing platform nodes are accessed/actuated for
observing the sub-areas according to the scheduling mechanism.

3. Method according to claim 1 or 2, wherein said sensing platform nodes
include mobile sensing platform nodes that are movable to sub-areas of said
monitoring area, wherein said mobile sensing platform nodes are moved to the
sub-areas for observing the sub-areas according to the scheduling mechanism.

4. Method according to any of claims 1 to 3, wherein said sensing platform
nodes sense a numerical quantity, in particular a chemical and/or physical
quantity.

5. Method according to any of claims 1 to 4, wherein measuring data of an
observed sub-area is provided as a time series of values, wherein by learning from
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acquired values the prediction model is derived for predicting future values
representing the future measuring data of said sub-area.

6. Method according to any of claims 1 to 5, wherein the uncertainty of
calculated future measuring data is calculated by determining and/or considering
confidence intervals pertaining to said calculated future measuring data.

7. Method according to any of claims 1 to 6, wherein the uncertainty of
predicted future measuring data of a sub-area is calculated by considering the
uncertainty and/or measuring data of one or more nearby sub-areas.

8. Method according to any of claims 1 to 7, wherein the scheduling
mechanism considers an aggregated uncertainty of future measuring data with
regard to the observed monitoring area, wherein the scheduling is performed in
such a way that the aggregated uncertainty is reduced and/or minimized.

9. Method according to any of claims 1 to 8, wherein the scheduling is
performed on the basis of a cost function J(t) according to

J(@) = Z P; - uncertainty;(t) Vi € sub-areasto observe
i

wherein uncertaintyi(t) is the uncertainty of predicted future measuring data for
sub-area i at time t, wherein parameter P; is 0 when a sensing platform node
observes sub-area i at time t, and wherein parameter P; is 1 when said sensing
platform node does not observe sub-area i at time t.

10. Method according to any of clams 1 to 9, wherein an optimization
algorithm, in particular gradient descent, is employed in order to determine the
scheduling of said sensing platform nodes such that the uncertainty is minimized.

11.  Method according to any of claims 1 to 10, wherein the scheduling
mechanism adjusts the duration for observing a sub-area, such that sufficient
measuring data are collected for the sub-area in order to enhance/improve the
prediction model being able to calculate future measuring data, in particular
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wherein the uncertainty of said calculated future measuring data does not exceed
a predetermined uncertainty.

12. Method according to any of claims 1 to 11, wherein the scheduling
mechanism is individually implemented in the sensing platform nodes such that
said sensing platform nodes are able to make autonomous scheduling decisions.

13. System for observing a predetermined monitoring area, in particular for
executing a method according to any of claims 1 to 12, the system comprising at
least one sensing platform node for observing a predetermined number of sub-
areas of said monitoring area, at least one prediction model entity and at least one
planner entity,

wherein said system is configured to observe sub-areas of said monitoring
area using the sensing platform nodes in order to collect measuring data for said
sub-areas,

wherein said prediction model entity is configured to analyze predictability of
measuring data for said sub-areas on the basis of collected measuring data,

wherein said prediction model entity is further configured to calculate future
measuring data for said sub-areas and to calculate uncertainty of said future
measuring data over time, and

wherein said planner entity is configured to schedule the sensing platform
nodes for observation of said sub-areas, wherein the scheduling of the sensing
plattorm nodes is dependent on the calculated uncertainty of said future
measuring data predicted for said sub-areas.

14.  System according to claim 13, wherein the prediction model entity and/or
the planner entity is/are implemented at the sensing platform node.

15.  System according to claim 13 or 14, wherein the prediction model entity
and/or the planner entity is/are implemented centralized, in particular at a receiver
that receives measuring data collected by said sensing platform nodes.
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