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7) ABSTRACT

A method and an apparatus for determining at least one
smoothed data point (t,, s,) within a stream of data points {t,,
s,} with 1=isz, k<z is disclosed. Herein, the stream of data
points {t,, s,} is consecutively acquired in a manner that a data
point (t,,s,) is acquired after an acquisition of a preceding data
point (t,_, s, ;), Wherein each data point (t,, s;) comprises a
valid value or an invalid value or a missing value for the signal
s, at a time t,. Herein, the signal s, at the time t, comprises
physical, chemical, biological, environmental, and/or techni-
cal data acquired by means of a technical set-up. According to
the method, a set of data points is provided, wherein for each
smoothed data point (t,, s,) a smoothing set is created. For
each smoothed data point (t,, s,), trailing data resulting from
large gaps are removed until it is verified whether the smooth-
ing set comprises a minimal number of data points. Thereaf-
ter, for each smoothed data point (t,, s,) an initial slope set is
calculated, on which at least one exponential smoothing is
applied, in which cause an at least once modified slope set is
determined. By integrating the at least once modified slope
set, a value for the smoothed data point (t,, s,) is determined
and returned. The method provides a good degree of smooth-
ing without introducing any lag time and with minimal dis-
tortions, and is capable of reporting derivatives for the set of
smoothed data points at the same time. The method is par-
ticularly suited in real-time or nearly real-time measurements
which may comprise large gaps within the stream of data
points.
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METHOD AND APPARATUS FOR
DETERMINING A SMOOTHED DATA POINT
WITHIN A STREAM OF DATA POINTS

FIELD OF THE INVENTION

[0001] Thepresent application relates to a method and to an
apparatus for determining at least one smoothed data point
within a stream of data points. In a further aspect of the
invention, the application relates to a use of the apparatus. In
a further aspect of the invention, the application refers to a
computer program. In a further aspect of the invention, the
application refers to a data carrier having a data structure
stored thereon.

RELATED ART

[0002] An acquisition of a stream of data points {t,, s,} with
l=i<z, wherein 7 is an arbitrary number which refers to a
number of the data points which are recorded within the
stream of data points, wherein the stream of data points is
consecutively acquired in a manner that a specific data point
(t,, s;) is acquired after a preceding data point (t, |, s, ;), is a
well-known problem which occurs in all areas of science and
technology which are related to recording a scientific or tech-
nical effect which produces a signal s, at a time t;. Typical
examples are physical and/or chemical and/or bio-logic and/
or environmental experimental data which may be recorded
in the course of a scientific experiment but also during the
surveillance of environmental data or the monitoring any kind
of body functions of a user, in particular a patient. Many other
examples are conceivable.

[0003] Itis further well-known in the field of data acquisi-
tion that the stream of data points not always only comprises
a valid value for a signal s, at a time t,. In practice, the stream
of data points may further comprise an invalid value for the
signal s, at a time t,, or, alternatively, a signal s, which is
expected to be recorded at the specific time t, but which may
be missing. However, this situation which is known from
practical experience is particularly unsatisfying in a situation
when a measurement has been scheduled to provide real-time
or nearly-real time information, for example when determin-
ing one or more body functions of a user, suchas a patient who
is under permanent surveillance in an intensive care unit.
Particularly in a situation where the real-time or nearly real-
time information is required to trigger any further devices
and/or to make a decision, invalid or missing values may
seriously influence the results of the recording of the data
points, in some situations even in an unintentional direction.
[0004] As an example, William L. Clarke, and Eric Renard,
“Clinical Requirements for Closed-Loop Control Systems”,
Journal of Diabetes Science and Technology 6, No. 2, (2012)
444-452, refer to a closed-loop therapy system for type 1
diabetes mellitus patient use. Hereby, measures of glycemic
variability are described and the recording of blood glucose
levels as percentages within, above, and below a target range
are suggested as reasonable alternatives to sophisticated sta-
tistical analyses. Therefore, detection methods are needed to
warn both the system and the patient about altered insulin
delivery, including internal pressure and flow alarms. Glu-
cose monitor sensor accuracy is another requirement; it
includes the definition of conditions that lead to capillary
glucose measurement, eventually followed by sensor recali-
bration or replacement. The crucial clinical requirement will
be a thorough definition of the situations when the patient
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needs to move from the closed-loop therapy system to manual
management of insulin delivery, or inversely can switch back
to the closed-loop therapy system after a requested interrup-
tion.

[0005] Particularly in order to suppress effects of random
errors, while minimizing a loss or a distortion of underlying
meaningful data, an extraction ofinformation from the stream
of data points has been achieved by employing a method
which has been designated as “data smoothing”. Hereby, an
error reduction problem is considered for a sequence of
related data values, particularly related to a time-series mea-
surement of an observable, which is expected to follow a
pattern which may not be known beforehand but which could
be drafted in a two-dimensional representation and in which
an error can be assumed to occur primarily in one of the two
dimensions.

[0006] The majority of known error-reduction techniques
involve the assumption that the recorded data points, at least
locally, can be approximated or “fit” by a procedure, which
often includes linear or higher-order polynomials and
wherein usually a criterion of “least squares” with regard to
deviations is employed. The use of the procedure particularly
allows to minimize distortions by a piecewise polynomial
approximation. Thereby, the set of data points used for the
procedure is employed to slide along the entire data set. The
more data points are used for the procedure, the better turns
out the removal of random errors which is, however, achieved
at cost of introducing a systematic error by an application of
the procedure itself. A popular technique within this respect is
amethod which is designated as ‘spline fit’ which determines
aset of cubic functions which connect data sub-regions. How-
ever, such polynomial regression based on this method may
also lead to delays and distortions.

[0007] In a situation where a physical model has been
found to be suitable to describe a recorded noise behavior,
so-called “Kalman filters” have been developed to smooth the
recorded data points. However, such filters are not applicable
in a case where such a model is missing or inappropriate. As
an example, when monitoring physiological data of a user in
a real-life setting, it is not feasible to provide an appropriate
physical model which could reasonably describe parameters
like a glucose concentration behavior with respect to an insu-
lin intake. Nevertheless, such a model which assumes a con-
stant parameter, for example a glucose slope over a time or a
second derivative of glucose over the time, have been pro-
posed by B. Wayne Bequette, “Continuous Glucose Monitor-
ing: Real-time Algorithms for Calibrating, Filtering, and
Alarms,” Journal of Diabetes Science and Technology 4, no.
2 (March 2010): 404-418, as well as by Andrea Facchinetti,
Giovanni Sparacino, and Claudio Cobelli, “An Online Self-
tunable Method to Denoise CGM Sensor Data,” IEEE Trans-
actions on Bio-medical Engineering 57, no. 3 (March 2010):
634-641, respectively. As a result, it is no surprise that delays
and distortions are introduced into corresponding data sets.
As an example, Giovanni Sparacino et al. suggest an algo-
rithm in which model and filter parameters are found empiri-
cally from the recorded data points which need to be adapted
to physiological changes as well as to variations between
patients, sensors, or intrapatient variations over the time.
Although this algorithm calculates the current best parameter
from the data points in a given time interval in the past, there
always remains a considerable risk that unforeseen physi-
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ological conditions or unusual sensor behavior leads to unex-
pected and possibly hazardous errors in the reporting of a set
of smoothed data.

[0008] As an alternative, so-called “Wiener filters” have
been proposed for the smoothing of glucose monitoring data,
e.g. by K Rebrin et al., “Subcutaneous Glucose Predicts
Plasma Glucose Independent of Insulin: Implications for
Continuous Monitoring”, The American Journal of Physiol-
0gy 277,n0. 3 Pt 1 (September 1999): E561-571, which have
recently been employed in conjunction with a time-lag cor-
rection by D. Barry Keenan et al., “Interstitial Fluid Glucose
Time-lag Correction for Real-time Continuous Glucose
Monitoring”, Biomedical Signal Processing and Control 8,
no. 1 (January 2013): 81-89. Irrespective of their potential
applicability for this purpose, Wiener filters suffer from the
fact that they are based on complicated mathematical algo-
rithms which impede their implementation.

[0009] Eugen and Ionela Iancu, “Predictive Blood Glucose
Control Using Exponential Smoothing Method”, Annals of
the University of Craiova, vol. 8 (36), no. 2, p. 1-6, 2011,
present the structure of a predictive algorithm adapted to
remove erroneous values from a stream of patient data
acquired by means of a continuous glucose monitoring sys-
tem. For this purpose, single exponential smoothing employ-
ing a smoothing constant a is used for smoothing discrete
time series, wherein . is a number selected from an interval
O<a<].

[0010] Further, US 2008/0167841 A1 discloses a system
and a method for processing as stream of data by using scaled
exponential smoothing in order to maintain a histogram.
[0011] J.Haworth and Tao Cheng, “Non-parametric regres-
sion for space-time forecasting under missing data”, Com-
puters, Environment and Urban Systems, vol 36, no. 6, p.
530-550, 2012, deal with real-time spatio-temporal data sets
for providing predictive information about spatio-temporal
processes. Within this regard, they demonstrate that a pres-
ence of spatio-temporal autocorrelation in a time-space series
of data improves respective forecasts. In particular, a non-
parametric spatio-temporal kernel regression method is
employed for predicting future unit journey time values of
road links in central London under the assumption of sensor
malfunction and compared with other kinds of non-paramet-
ric regression methods known to be effective for this purpose.
D. E. Roark, “Reverse Smoothing: a model-free data smooth-
ing algorithm”, Biophysical Chemistry 108 (2004) 121-126,
proposes a method called by him “reverse smoothing” which
has the ability to significantly reduce or eliminate the time-lag
effect while maintaining a benefit from the noise-reduction of
exponential smoothing, a well-known technique which is, for
example, described in C. Holt, “Forecasting seasonals and
trends by exponentially weighted moving averages”, Inter-
national Journal of Forecasting 20 (2004) 5-10; reprint of an
original article from 1957. According to Roark, this method
appears appropriate in a situation where the set of data points
is expected to exhibit a smooth behavior. Also, a sufficient
number of data points is further necessary in order to locally
characterize a slope. As a typical example Roark employs his
method to 80 data points. Moreover, in a region where the
slope rapidly changes, a higher density of data points is
required. Roark employs exponential smoothing, however,
notonthe original data but on the estimated first derivatives of
the original data. In order to achieve a good smoothing, three
consecutive performances, which are called “passes”, of
exponential smoothing are performed on the respective set of
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slopes. Hereby, the first pass is a so-called “forward pass”
from the second point to the last point within the set of data
points whereas the second pass is a so-called “reverse pass”
from the next to last point to the first point within the set of
data points. A third forward pass concludes the smoothing
process. According to Roark, the smoothing procedure which
acts on the first derivatives of the set of data points more
effectively removes random fluctuation with less introduction
of a distortion to the underlying data. As will be explained
below in further detail, it has, however, been found that this
method as proposed by Roark, faces severe problems when a
large number of missing values is comprised within the
stream of data points, in which case intolerable errors are
introduced into the smoothing process. Moreover, the algo-
rithm was designed to be used on complete data sets, not on a
stream of data. Because of the reverse pass, output can only be
generated by the original Roark procedure after the acquisi-
tion of data has been completed.

Problem to be Solved

[0012] Itis therefore anobjective ofthe present invention to
overcome the shortcomings and disadvantages of known
methods and apparatus for determining at least one smoothed
data point within a stream of data points. In particular, it is
intended to propose a respective method which could provide
a good degree of smoothing without introducing any lag time
and with minimal distortions, and is even capable of reporting
derivatives at the same time. In addition, such a method
should be computationally simple and should be able to
employ fixed parameters without any requirement to adjust
such parameters to individual users, sensors, or day-to-day
variations. In particular, this method should allow for a real-
time or a nearly real-time reporting despite the fact that the
recorded data are not required to be equally or nearly equally
spaced.

[0013] It is a further objective of the present invention to
provide an apparatus which allows minimizing the power
consumption as well as an exposure of a sensor undisturbed
by the measurement means, such as an impinging the sensor
with radiation.

[0014] Tt is a further objective of the present invention to
provide a use for the apparatus in situations for which the
apparatus is particularly suited.

[0015] It is a further objective of the present invention to
provide a computer program which should include computer-
executable instructions for performing the method according
to the present invention when the program is executed on a
computer or a computer network.

[0016] Tt is a further objective of the present invention to
provide a data carrier which should have a data structure
stored thereon, which, after loading into a computer or a
computer network, is capable of executing the method
according to the present invention.

SUMMARY OF THE INVENTION

[0017] This problem is solved by a method, by an apparatus
and by a use of the apparatus for determining at least one
smoothed data point within a stream of data points as well as
by a computer program and by a data carrier with the features
of the independent claims. Preferred embodiments, which
might be realized in an isolated fashion or in any arbitrary
combination, are listed in the dependent claims.
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[0018] As used in the following, the terms “have”, “com-
prise” or “include” or any arbitrary grammatical variations
thereof are used in a non-exclusive way. Thus, these terms
may both refer to a situation in which, besides the feature
introduced by these terms, no further features are present in
the entity described in this context as well as to a situation in
which one or more further features are present. As an
example, the expressions “A has B”, “A comprises B” and “A
includes B” may both refer to a situation in which, besides B,
no other element is present in A (i.e. a situation in which a
solely and exclusively consists of B) and to a situation in
which, besides B, one or more further elements are present in
entity A, such as element C, elements C and D or even further
elements.

[0019] Further, as used in the following, the terms “prefer-
ably”, “more preferably”, “particularly”, “more particu-
larly”. “specifically”, “more specifically” or similar terms are
used in conjunction with optional features, without restricting
alternative possibilities. Thus, features introduced by these
terms are optional features and are not intended to restrict the
scope of the claims in any way. The invention may, as the
skilled person will recognize, be performed by using alterna-
tive features. Similarly, features introduced by “in an embodi-
ment of the invention” or similar expressions are intended to
be optional features, without any restriction regarding alter-
native embodiments of the invention, without any restrictions
regarding the scope of the invention and without any restric-
tion regarding the possibility of combining the features intro-
duced in such way with other optional or non-optional fea-
tures of the invention.

[0020] In a first aspect, the present invention refers to a
method for determining at least one smoothed data point (t,,
s,) within a stream of data points {t,, s,}, wherein 1sisz refers
to the i-th data point (t, s,) in the stream of data points {t,,s,},
wherein 1<k<z refers to the k-th smoothed data point (t;, s,),
wherein the k-th smoothed data point (t,, s,) will be deter-
mined by the method according to the present invention
within the stream of data points {t,, s,}, wherein i, z, and k are
integers. As further used herein, the stream of data points is
considered as a set of z data points, wherein the data points are
acquired according to a chronological sequence in a manner
that the acquisition of a specific data point (t,, s;) is performed
after a time interval At after which the acquisition of a pre-
ceding data point (t,_, s, ;) has been performed. Hereby, the
number 7 constitutes an arbitrary numerical value which
refers to a number of data points recorded within a specific
stream of data points. As an example, the number z may be a
low number as 1, 2,3 .. . etc. but, in practice, rather a large
number of several tenths, hundreds, thousands, or even more
data points. With respect to the present invention, it is par-
ticularly emphasized that the absolute value of the number z
is of little importance since the respective method is particu-
larly intended for a real-time or a nearly real-time reporting of
data points and may be already employed while the stream of
data points is still under further recording. However, other
manners of employing the present method are conceivable,
for example that a smoothing process only commences after
data acquisition has been concluded.

[0021] The preferred feature of the present invention of
being able to already starting the smoothing process while the
acquisition of the stream of data points is still performed is in
particular contrast to the state of the art. For example, the
method for determining the smoothed data points as
described by Roark, requires that such a method cannot start
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before the whole set of data points has been collected. In
contradiction to the state of the art, it has, moreover, been
found that the algorithm according to the present invention is
able to smooth even short sets of data points, i.e. a set of data
points which comprises a comparatively low number z of data
points, particularly in the range below 20, even below 10.
Consequently, the method according to the present invention
allows already to determine at least one smoothed data point
within an incoming stream of data points, irrespective of the
fact whether all z data points within the stream have already
been recorded or not. In an alternative fashion, however, the
present method is still applicable in a situation where all z
data points within a stream of data points have already been
collected.

[0022] Similar to methods known from the state of the art,
each data point (1,, s,) in the stream of data points {t,, s,} may
comprise a valid value for a signal s, at a time t,. Herein, the
valid value for the signal s, is a value which is recorded at a
time t,, wherein “recording a signal s, at a time t,” particularly
means acquiring any physical, chemical, biological, environ-
mental, and/or technical data by means of any technical set-
up, whereby a second set of data is recorded, wherein a value
within the second set designates a time t; which is associated
with the signal s,. In particular, the respective value in the
second set delivers the actual time t; at which or about which
the related signal s, was recorded and/or is related to in any
other way. By way of example, the signal s, may be an ampli-
tude or another physical quantity in relationship to a voltage
or to a current and/or to an electronically implemented
equivalent thereof whereas the value for the time t, related
with the signal s, may be the value in the second set of data
which may be generated by any kind of clock and/or watch
and/or timer and/or an electronically implemented equivalent
thereof. More specific and non-limiting examples may
include a signal which may be related to a concentration of a
substance in a volume, for example to a glucose concentration
in a body fluid, preferably in an interstitial fluid. Other
examples may include at least one cardiac function of a user,
for example a pulse and/or a blood pressure and/or an elec-
tronic signal related to an electrocardiographic (ECG) signal
ofauser, such as a patient. A further example refers to a signal
being recorded by an application of electroencephalography
(EEG) which is adapted to record the electrical activity along
a scalp of a user.

[0023] Withrespect to the present method, the value for the
signal s, at a time t, is considered as being “a valid value” as
long as the recorded value s, constitutes a meaningful event
within the design of the technical set-up which is configured
to deliver the stream of data points {t,, s;}. Hereby, a mean-
ingful event may occur when the value for the signal as
delivered by the technical set-up may be within an expected
range of possible values and may, thus, be designated as
“valid” by a procedure which has been implemented within
the technical set-up and/or within any other device which may
receive a stream of data points from the technical set-up. The
technical set-up usually includes a sensor which is adapted to
record a series of signals s, and to simultaneously record a
second data point which is related to a time t,. Alternatively,
the sensor may be configured to only record a series of signals
s; while the second series of data points which are related to
the time t, are recorded by means of a separate device, pref-
erably a clock and/or a watch and/or a timer, which is located
outside the technical set-up adapted for recording a series of
signals s,. In addition, such a sensor may already include a
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simple or a more elaborate evaluation unit which may be
configured to perform at least a basic evaluation procedure,
which may allow to distinguish between a valid value and an
invalid value. As further used herein, an “invalid value” is a
value for the signal s, which, although having been recorded at
a time t,, does not fulfill the above-mentioned criteria for a
meaningful value of the signal s, and can, thus, be considered
as erroneous. It is emphasized here that for the method
according to the present invention, it is not of any relevance at
which point a decision, whether a recorded value for the
signals, is determined to be a “valid value” or to be an “invalid
value” is actually taken. The method is applicable in the same
manner irrespective of the fact whether such a distinction is
already performed on the level of the technical set-up and/or
in a specific stage during the performance of the method
according to the present invention as will be specified later
and/or at any intermediate stage, which may be performed,
for example, in a separate device which is adapted for execut-
ing this kind of discrimination. In addition, it does not make
any difference for the actual performance of the method
according to the present invention in which form an invalid
value is delivered, for example whether an invalid value still
comprises an actual number such as a voltage and/or a current
value or whether it has already been tagged with a sign which
indicates that this specific value is designated as an invalid
value.

[0024] In addition and in further contrast to the state of the
art, the present method is further appropriate to deal with a
missing value for the signal s; at a time t,. As further used
herein, the “missing value” comprises an expected time t, at
which time no signal s; has been provided by the technical
set-up as a part of the input stream of data points {t,, s,}. This
particular feature is well-known from real-time or nearly
real-time information where a technical set-up is usually
expected to deliver a signal s, at least once within a specified
time interval. As already described above, signals as acquired
by the technical set-up during the real-time or nearly real-
time measurement, are often used as a basis for a further
decision to be taken on the basis of the specific recorded
value. As an example, a further treatment of a patient will
depend on the actual value of the signal s, which, for
example, delivers a blood glucose level, which has been
recorded most recently. Usually, such a measurement series is
arranged in a manner that the time interval between two
consecutively acquired signals is chosen to be in relationship
with a known or an expected variation time of the actual
signal. For example, in an intensive care unit and/or a closed-
loop therapy system it may be not sufficient to simply use the
actual value of the most recent signal s, as acquired by the
measurement series, particularly in a case where a long time
has passed since the time t, at which this specific signal has
been recorded. As will be described below, the method
according to the present invention, still allows to determining
at least one smoothed data point in such a situation when a
value for the signal s, is missing at a time t,.

[0025] Themethod according to the present invention com-
prises the steps a) to g). These steps are preferably performed
in the given order, starting with step a). However, one or more
steps may be preformed repeatedly, dependent or indepen-
dent whether other steps are equally repeated.

[0026] According to step a), a set of data points is provided.
This set of data points may preferably comprise the stream of
data points {t,, s,} which has been acquired in a manner as
described above, i.e. that two adjacent data points have been
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consecutively recorded with respect to their order. However,
the present method is still applicable in a situation where a
specific set of data points is selected from the acquired stream
of data points {t, s,} and providing this specific set of data
points with step a). Furthermore, it may also be favorable in a
specific case to provide a specific data set with step a) which
is selected from a set of already smoothed data points {t,, s, },
particularly for further smoothing, wherein the specific set
may be selected by a procedure which will be described later
in more detail.

[0027] The smoothing process for the data point (t,, s,) is
commenced during the following step b). Therefore, for each
smoothed data point (t,, s,), a smoothing set is created. This
kind of procedure is in particular contrast to the state of the
art, ase.g. described in Roark et al., wherein the complete data
set is used for the purpose of smoothing afier its complete
acquisition. Whereas this method known from the state of the
art requires that the whole set of data points has been collected
prior to its commencing, here the smoothing set may also be
selected according to step a) directly from the stream of data
points {t, s,}. Consequently, the method according to the
present invention may not only be able to deal with continu-
ously acquired data but may also provide means for continu-
ously monitoring the acquired set of data points.

[0028] For this purpose, the smoothing set comprises a
subset of data points {t, s;}, in particular a genuine subset of
the set of data points {t;, s,}, wherein the subset of data points
has been acquired from the set of data points as provided
during the preceding step a) by selecting data points (t,, s,)
which fulfill Equation 1:

(k+offset smoothing window+1)<i<(k+offset) (1)

In Equation 1, offset >0 comprises a numerical value which
constitutes an offset number. As further used herein, the “off-
set number” delivers an offset which comprises number of
datapoints (t,, s,) with t >t, whichhave been acquired ahead of
the specific data point (t,, s,) for which the smoothing process
according to the invention is currently performed. The offset
data points, thus, comprise a number of data points which
have been recorded before the commencing of the smoothing
process for the specific data point (t;, s,) which is under
current smoothing in the process as described in step b). It is
emphasized here that the offset data points only include such
data points which comprise a valid value as defined above. In
apreferred embodiment, an additional condition may be veri-
fied whether at least one data point, or more preferably,
whether all offset data points may have a valid value after
having removed a number of data points from the smoothing
set during the verifying step. If the additional condition may
not be fulfilled, no value for the smoothed data point (t,, s;)
may be determined and no smoothed data point (t, s,) or an
error flag may be returned. As further used herein, the
smoothing window as used in Equation 1 is defined as a
numerical value which delivers a length of the smoothing set.
Preferred values for the numerical values offset and smooth-
ing window will be given below.

[0029] Prior to the next step c), a criterion is applied to a
data point in order to decide whether this data point is retained
or discarded with respect to the further steps c) to g) of the
method according to the invention. Hereby, the criterion may
comprise a verifying step, according to which it is decided
whether the data point may comprise a valid value, or an
invalid value, or a missing value according to the above defi-
nitions. In particular, only the data point which comprises a



US 2016/0196235 A1

valid value may be retained for further processing, whereas
the data point which comprises one of an invalid value or a
missing value may be discarded and, thus, not used in the
further processing according to the method. The verifying
step may be applied prior to step b) for each data point in the
set of data points as provided according to the preceding step
a). Alternatively or in addition, the verifying step may also be
applied after step b) for each already selected data point as
provided in the smoothing set according to step b). It is
emphasized, however, that, irrespective of the details of the
verifying step and/or of the moment when the verifying step
is applied, the verifying step is particularly to be performed
prior to step ¢) in order to be able to define a gap length, which
will be further described below.

[0030] According to step ¢) of the present method, for each
smoothed data point (t,, s,) it is verified whether a first con-
dition is fulfilled. Hereby, the “first condition” requires thatin
each pair of two adjacent data points {(t,.,, s;. ). (t;,s,)} within
the smoothing set the condition according to Equation 2:

{t~1.)=gap length @

is actually fulfilled. As further used herein, the numerical
value “gap length” defines a maximum time difference which
is admitted between the two adjacent data points within the
smoothing set. As described above, gaps have been intro-
duced by employing a criterion in a verifying step by which,
consequently, a number of data points may be discarded from
the set of data points which is used as an input to step ¢). This
procedure reflects the actual situation in a real-time or a
nearly real-time measurement wherein a gap may occur in
which only invalid values may be acquired and/or values may
be missing. Further according to step ¢), the data points (t,, s;)
with 1<], are removed from the smoothing set in case the first
condition according to Equation 2 is not fulfilled for a certain
1,- Such a situation may particularly happen when a large gap
occurs within the stream of data points during the measure-
ment series. In this case, data points which are acquired
earlier with respect to the gap length are discarded as trailing
data.

[0031] According to step d) of the present method, it is
verified whether a second condition is fulfilled. Hereby, the
“second condition” requires that a numerical value n equals at
least a numerical value minimal window. Whereas the
numerical value n is defined to equal the number of data
points (t;, s;) which remain in the smoothing set after the
preceding step c), the numerical value “minimal window”
delivers the number of data points (t;, s,) which are required to
remain in the smoothing set after the preceding step c). The
second condition is intended to examine whether the remain-
ing number n of data points in the smoothing set {t,, s,} equals
at least the predefined value of minimal window. Therefore,
the second condition ensures that the smoothing set which is
required for the subsequent steps €) to g) comprises a suffi-
cient number of data points. Consequently, in case the second
condition is not fulfilled, no value for the smoothed data point
(t, S is determined. In such a case, the present method may
either deliver no smoothed data point or, alternatively, return
an error flag which indicates that no smoothed data point
could be determined from the data points which were pro-
vided during step a) and not discarded in the subsequent
verifying step.

[0032] However, in case the second condition is fulfilled,
the method according to the present invention is continued
with the subsequent step e). According to step e), for each
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smoothed data point (t;, s,) a slope set {t,, s} is calculated
comprising one data point (t,, s;') for each data point (t,, s,) in
the smoothing set with 1<I<n. As further used herein, a
“slope” delivers a value for an incline and/or a decline which
avirtual line which is placed through a set of data points {t,,,
$,,; Will experience at a specific data point (t,, s,). Conse-
quently, the slope set {t;, s;} is defined as the derivative or
gradient of the set of data points {t, s;}.

[0033] In a preferred embodiment, step €) may comprise
the following sub-steps el) to e3), which may be preferably
performed in the given order.

[0034] According to sub-step el ), anumerical value “Slop-
eRange” may be defined as a number of data points which
may be employed to calculate the slope s, at each data point
(t;, s;) in the smoothing set. According to sub-step e2), the
further processing may depend on the fact whether the
numerical value SlopeRange may be an odd number or an
even number. In case the numerical value SlopeRange is an
odd number, a number of (SlopeRange-1)/2 data points
before and a number of (SlopeRange-1)/2 data points after
each data point (t,, s;) may be selected as a differentiation set
{t,» 8,4} for the respective data point. Within this regard, it
may be required to consider whether the selected data points
exist, i.e. whether a particular data point (t,, s,) is far enough
from a beginning or from an end of the smoothing set, since
only such data points may be employed in the following
sub-step. However, if a data point (t,,, s,,) is missing because
(t,, ;) is too near to the beginning or to the end of the smooth-
ing set and 1 1s smaller than (SlopeRange—1)/2+1 or larger
than n (SlopeRange-1)/2, this specific data point is ignored
and the differentiation set {t,, s,,} consists only of those
selected data points which do exist. On the other hand, if the
numerical value SlopeRange may be an even number, a num-
ber of (SlopeRange/2) data points before and a number of
(SlopeRange/2-1) data points after each data point (t, s,)
may be selected as the slope set for the respective data point.
Here, also the same requirements with regard to the existence
of the selected data points are applicable.

[0035] According to the subsequent sub-step ¢3), the slope
s, for each of the data points (1, s;) in the smoothing set may
be calculated according to Equation 3:

[0036] Hereby it is mentioned that in Equation 3, the
respective sums 2 may be calculated over the data points in
the differentiation set {t,, s,,} with d either being equal to
SlopeRange or being smaller than SlopeRange in a case
where data points did not exist at the ends of the smoothing
set, and the calculation is performed for each point in the
smoothing set, 1<l<n, whereby the slope set {t,,s,'} is created
from the resulting points (1, s;).

[0037] After the slope set has been acquired during step e),
for each smoothed data point (t,, s;) at least one exponential
smoothing may be applied to the slope set {t,, s,'} as provided
by the previous step e).
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[0038] 1In aparticularly preferred embodiment, step f) may
comprise the following sub-steps f1) to f3) by which the at
least once modified slope set {t,, s,*} may be determined and
which may be preferably applied in the mentioned order. It is
mentioned that this particular embodiment follows closely
the procedure as proposed by Roark described above, how-
ever, the specific weights which may be used for performing
steps f1) to £3) may be adapted to the specific requirements of
the processing of real-time or nearly real-time information.
[0039] According to sub-step f1), a first forward exponen-
tial smoothing may be applied to the slope set {t, s,'} as
acquired in the preceding step ) in an ascending order 1, 2, .
.., -1, n. Hereby, the following relationship according to
Equation 4 may be applied:

5, %=s," and

s = Was/+(1-Wq sy, for 1<i=n, 4

wherein W, is a first weight which is adapted for the first
forward exponential smoothing.

[0040] According to sub-step f2), a reverse exponential
smoothing may be applied to the slope set {t,, s,%}, which has
already been modified in the preceding sub-step f1), in a
descending order n, n-1, .. ., 2, 1. Hereby, the relationship
according to Equation 5 may be applied:

5,4 *=g "* and

§/ =W s (1= W, )5 for 1=i<n, (3)

wherein W_ is a second weight which is adapted for the
reverse exponential smoothing.

[0041] According to sub-step f3), a second forward expo-
nential forward smoothing may be applied to the slope set {t,,
s;%**}, which has been further modified in the preceding sub-
step £2), in an ascending order 1, 2, . . ., n-1, n. Hereby, the
smoothing may be performed according to Equation 6:

Sl/***zsl'** H.Hd.

s FEE W s (1= Wp)sy ** for 1<i<n, (6)

wherein W, is a third weight adapted for the second forward
exponential smoothing,

[0042] According to step g) of the method according to the
present invention, the last modified slope set as determined in
the preceding step f), which is here described by {t,, s,***} is
integrated for each smoothed data point (t,, s,). By this pro-
cedure, the designated value for the smoothed data point (t,,
s;) is finally determined and subsequently returned.

[0043] In a preferred embodiment, step g) may comprise
the following sub-steps gl) to g5), which may be preferably
performed in the given order.

[0044] According to sub-step g1), an average “orig mean”
of the values 1<l<n within the smoothing set as acquired prior
to step e) may be calculated. For this purpose, a central value
for smoothed data points within the smoothing set may be
acquired, particularly by dividing the sum of the values of the
smoothed data points within the smoothing set by the number
of the smoothed data points within the smoothing set.
[0045] Then, according to sub-step g2), the last modified
slope set {t,, s,;***} may be numerically integrated according
to Equation 7:

integral ;=0 and

integral~integral, | +[(1-w,)s;"* **+wysp ¥~ [t—1,.
1] for 1<i<n, 7
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wherein w, is a fourth weight which is adapted for integrating.
[0046] By this sub-step g2), an integrated set is acquired for
which, according to sub-step g3), an average “new mean” of
the values of integral,, with 1<i<n may be calculated. For this
purpose, a central value for integrals within the integral set
may be acquired, particularly by dividing the sum of the
values of the integrals within the integral set by the number of
the integrals within the integral set.

[0047] According to the next sub-step g4), an integration
constant “int const” may be calculated by applying Equation
8:

int const=orig mean—new mearn; (8)

[0048] According to sub-step g5), the smoothed value of's,.
may be finally calculated by application of Equation 9:

s=integral,+int const 9

[0049] By this procedure the value for the at least one
smoothed data point (t,, s,) with k=n-offset may be deter-
mined and returned.

[0050] Consequently, a smoothed data point (1, s,) withina
stream of data points {t, s,} has been determined by the
method according to the present invention. However, in a
further step the method may be continued for a next smoothed
data point (t, |, s, ;) by consecutively performing steps b) to
g) for the next smoothed data point (t,,,, s;,,). By this way,
the method according to the present invention may be per-
formed as long as a data point may be required. Alternatively,
any arbitrary data point as taken from the stream of data
points may be employed for calculating at least one further
smoothed value.

[0051] Inaparticularly preferred embodiment, at least one
triple data point (t,, s, s;') is returned. Hereby, the triple data
point (t,.s,, s,") additionally includes a value s,' for the deriva-
tive of the smoothed value s,.. As presented above, the present
method easily allows to return such a triple data point which
delivers a derivative from a time series measurement which is
often required for further evaluation purposes.

[0052] Inaparticularly preferred embodiment, any or all of
the numerical values with respect to the offset, the smoothing
window, the gap length, the minimal window, the SlopeR-
ange, the first weight W, for first forward exponential
smoothing, the second weight W, for the reverse exponential
smoothing, the third weight W, for the second forward expo-
nential smoothing, and/or the fourth weight w, for integrating
may be chosen from preferred intervals, more preferred inter-
vals, if applicable, and/or most preferred values as presented
in Table 1. However, it is emphasized here that other values
for the numerical values as given in Table 1 may be selected
for specific purposes with regard to the application of the
method according to the invention. On the other hand, it could
be experimentally demonstrated as presented below that a
performance of the method with values taken from the values
and/or ranges as given in Table 1 for the respective numerical
values already provide a good smoothing, particularly on
short time scales.

TABLE 1
Nurmerical Preferred More preferred  Most pre-
value interval interval ferred value
Offset [1, 4] 2
smoothing window [7,40] [15, 25] 20
gap length [5 At, 30 Af] [5 At, 15 At] 6 At
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TABLE 1-continued

Nurmerical Preferred More preferred  Most pre-
value interval interval ferred value
minimal window [5,20] [5, 10] 5
SlopeRange [3, 6] 3

first weight W [0.3,0.6] 0.5

for first forward

exponential smoothing

second weight W, [0.2,0.5] 0.33
for reverse

exponential smoothing

third weight Wy, [0.3,0.6] 0.5
for second forward

exponential smoothing

fourth weight w, [0.25,0.75] 0.33

for integrating

[0053] Inafurtherpreferred embodiment, the specific set as
provided in step a) may be selected by taking every p-thitem,
where p is a numetical value which may be preferably chosen
from an interval [2, 6], whereby 3 is the most preferred value.
By this procedure, only every p-th data point may be retained
in the specific set whereas the other data points may be dis-
carded.

[0054] This procedure may be preferably employed in the
following way: First, the original stream of data points is used
as the set of data points according to step a), wherein a first
performance of the presented method with the steps b) to g)
may be commenced. Alternatively, from the original stream
of data points a reduced set of data points can already be
produced and used as the specific, set according to step a),
wherein a first performance of the presented method with the
steps b) to g) may be commenced. Thereafter, the stream of
smoothed data points or a selected number of data points
taken from the stream of smoothed data points can be used as
a further input for the set of data points according to step a),
wherein, subsequently, the further steps b) to g) are applied in
a second performance. Hereby, the parameters, as for
example presented in table 1, may be chosen to be the same
for the first performance and for the second performance or
may be chosen to be different with respect to the two perfor-
mances. Moreover, other numerical values compared to those
which are comprised in Table 1 may be applied.

[0055] Alternatively or in addition, the specific set as pro-
vided in step a) is selected by providing one of p subsets,
wherein the g-th subset comprises a number of items (t,, s,)
withi=q, p+q, 2p+q, ..., withg=1,2,...and with q<p, as long
as each of the item comprises a valid value. In a specific
embodiment, the p subsets may be merged after smoothing,
preferably after applying calculating means on corresponding
items within the p subsets. By way of example, the p subsets
may be merged for example without further processing,
which would result in the same number of data points com-
pared to the input data set. Another example may be merging
the p smoothed data sets by further applying calculating
means, such as arithmetic means, medians and/or other pro-
cedures, on the times and/or on the signals, which would
result in a reduced number of data points compared to the
original data set. A further example may be the application of
calculating means on the times and/or on the signals with
respect to a merger of the n smoothed data sets in a sliding
manner, whereby also the same number of data points as in
the original data set would result. By a “sliding manner” a
procedure is defined in which window is subsequently moved
over each of the data points to each of which the calculating
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means are applied with regard to their respective neighbors.
In a further example which may, in addition, also applied to
the other examples, data points may be eliminated according
to a specific criterion before the calculating means may be
applied. This procedure may be particularly useful for report-
ing data triples (t,, s,, s;), whereby the process of merging
and calculating means is also applied to the corresponding
slopes s,'.

[0056] According to the present invention, the data point (t,,
s,) is preferably acquired after the specific time interval At=
(t,~t,,) after the acquisition of the preceding data point (t,_,,
S;.1)- This definition reflects a situation in which in a real-time
or a nearly real-time measurement series the data points may
be recorded regularly, each after a time interval At. However,
it may be preferable, particularly in the case when the pre-
ceding data point (t,_;, s, ;) may comprise an invalid value or
comprises a missing value, that the time interval At may not
be a constant value, which describes for example the case
when the specific data point (t, s,) is acquired at a point of
time t, which is prior to the end of the time interval At for one
or more preceding consecutive pairs of data points. This
procedure may be particularly performed by a standard sam-
pling rate with the time interval At, wherein, immediately
after receiving a data point, a verifying step may be performed
which may return the information whether the reading deliv-
ered an actual point at all and whether the received data point
is valid. In case a missing data point or an invalid data point
occurs, a second reading may be performed earlier, preferably
as fast as possible, in particular considerably earlier than
given by the sampling interval.

[0057] Within this regard, the specific set may be selected
by retaining items at data points with t,, t +r-At, t,+2rAt, . ..
with O<z, r being an integer, or, alternatively, an adjacent item,
in particular wherein the adjacent item is a distance of +At or
at a distance of +2-At from the data point (t,, s,) which com-
prises an invalid value or a missing value. This procedure is
particularly applicable in a case where large gaps within the
stream of data points may very likely occur.

[0058] In a particularly preferred embodiment, the stream
of data points {t,, s,} may comprise a measurement series
which may consecutively be recorded by a sensor. Hereby, the
sensor may be adapted for recording the signal s; at a time t,,
wherein the signal s, may be particularly related to a concen-
tration of a substance in a volume. Consequently, the sensor
may be selected to preferably be an optical sensor, in particu-
larly a fluorescence sensor, which may be especially adapted
for determining a glucose concentration in a body fluid, such
as an interstitial fluid. However, other embodiments in which
the method according to the present invention would work in
a comparable manner are conceivable.

[0059] A further aspect of the present invention refers to an
apparatus for determining at least one smoothed data point (t,
s,) within a stream of data points {t, s,} with 1si=z, k<z,
where i, z, and k are integers. According to the present inven-
tion, the apparatus comprises an instruction device which is
adapted for instructing a sensor to record a series of signals s,
atatimet, and to deliver a stream of data points {t,, s,} to the
apparatus, wherein at least some of the data points (t, s,)
within the stream of data points {t,, s,} comprise a valid value
for the signal s, at a time t,. Hereby, the sensor may be a
constituent part ofthe apparatus, however, in a more preferred
embodiment the sensor is constructed as a separate arbitrary
body which is located outside the housing of the apparatus.
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Within this regard, each and every sensor which has been
described above may be applicable within the apparatus.
[0060] The apparatus further comprises a receiving and
storing device, which is configured to receiving and subse-
quently storing the stream of data points {t,, s;}. For such a
device any known memory for a storing of information in the
form of data points may be employed.

[0061] The apparatus further comprises a calculating
device which is adapted to determining at least one smoothed
data point (t;, s;) within the stream of data points {t,, s,} with
1<i<z. Therefore, any HI computer and/or microcomputer
and/or hardware implemented device may be employed for
performing this purpose.

[0062] In aparticularly preferred embodiment, the appara-
tus may be separated into two mechanical parts, whereby the
instruction device may be mechanically coupled to the sensor,
and, by way of example, may be worn on or near the human
body where the sensor may be applied, and whereby the
instruction device may comprise a wireless sending function,
and whereby the receiving and storing device and the calcu-
lating device may be mechanically coupled together, and by
way of example may be carried by the user or can be left under
supervision of a nursing staff.

[0063] Hereby, the instruction device, the receiving and
storing device, and the calculating device, which together
form at least a part of the apparatus are configured to perform
any steps according to the method for determining at least one
smoothed data point within a stream of data points as
described above. Within this regard, it is explicitly empha-
sized that all and any specific embodiments which have been
described with respect to the method, may mutatis mutandis
also be applicable to the apparatus.

[0064] Ina preferred embodiment, the apparatus may be an
analytical device for determining at least one body function of
a user, wherein the apparatus may further comprise at least
onesensor for recording at least one body function ofthe user,
such as a patient. Hereby, the at least one sensor may be
selected from the group consisting of: a sensor for measuring
an analyte concentration of at least one analyte in a body
tissue or a body fluid of the user; a cardiac sensor for deter-
mining at least one cardiac function of the user; a pulse
sensor; a blood pressure sensor; an ECG; an EEG. However,
other sensors which are particularly adapted to record physi-
cal and/or chemical and/or environmental parameters may
also be applicable.

[0065] A further aspect of the present invention relates to a
use of the apparatus for a purpose, which is particularly
selected from the group consisting of: measuring an analyte
concentration of at least one analyte in a body tissue or a body
fluid of the user; determining at least one cardiac function of
the user; determining a pulse of the user; determining a blood
pressure of the user; recording an ECG; recording an EEG.
However, the apparatus may also be used for other purposes,
in particular for measuring a physical and/or chemical and/or
biological and/or environmental value which may be acces-
sible by the specifically selected sensor. Regardless of the
mentioned applications, the present method and apparatus
may particularly be used for an in-depth analysis of a stream
of data points which have been obtained for example in a
clinical trial as well as for real-time or nearly real-time data
acquisition in a commercial medical device.

[0066] Theinvention further discloses and proposes a com-
puter program including computer-executable instructions
for performing the method according to the present invention
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in one or more of the embodiments enclosed herein when the
program is executed on a computer or computer network.
Specifically, the computer program may be stored on a com-
puter-readable data carrier. Thus, specifically, one, more than
one or even all of method steps a) to d) as indicated above may
be performed by using a computer or a computer network,
preferably by using a computer program.

[0067] Theinvention further discloses and proposes a com-
puter program product having program code means, in order
to perform the method according to the present invention in
one or more of the embodiments enclosed herein when the
program is executed on a computer or computer network.
Specifically, the program code means may be stored on a
computer-readable data carrier.

[0068] Further, the invention discloses and proposes a data
carrier having a data structure stored thereon, wherein the
data structure, after loading into a computer or computer
network, such as into a working memory or main memory of
the computer or computer network, may execute the method
according to one or more of the embodiments disclosed
herein. As further used herein, a computer comprises any
device which may be capable of storing data and/or perform-
ing calculating steps and/or instructing steps. By way of
example, this definition not only includes workstations and
notebooks but also ASICs (application specific integrated
circuits) and FPGA (field-programmable gate arrays).
[0069] Theinvention further proposes and discloses a com-
puter program product with program code means stored on a
machine-readable carrier, in order to perform the method
according to one or more of the embodiments disclosed
herein, when the program is executed on a computer or com-
puter network. As used herein, a computer program product
refers to the program as a tradable product. The product may
generally exist in an arbitrary format, such as in a paper
format, or on a computer-readable data carrier. Specifically,
the computer program product may be distributed over a data
network,

[0070] Finally, the invention proposes and discloses a
modulated data signal which contains instructions readable
by a computer system or computer network, for performing
the method according to one or more of the embodiments
disclosed herein.

[0071] Preferably, referring to the computer-implemented
aspects of the invention, one or more of the method steps or
even all of the method steps of the method according to one or
more of the embodiments disclosed herein may be performed
by using a computer or computer network. Thus, generally,
any of the method steps including provision and/or manipu-
lation of data may be performed by using a computer or
computer network. Generally, these method steps may
include any of the method steps, typically except for method
steps requiring manual work, such as providing the samples
and/or certain aspects of performing the actual measure-
ments.

[0072] Thepresentinvention comprises a number of advan-
tages over the start of the art. First, the invention applies a
sliding subset of the data point which is called smoothing set.
The smoothing set which mostly refers to the past, may report
only a single output value which results from a performance
of the smoothing procedure according to the present method.
The single output value may be particularly reported from the
vicinity of the later end of the smoothing set, and the process
may be repeated for the next output value with anew smooth-
ing set. By applying this kind of arrangement, it may be
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feasible to report any measurement values in real-time or in
nearly real-time while a high degree of smoothing may be still
obtained. This advantageous effect is one of the main achieve-
ments of the present invention and constitutes one of the
major differences to the state of the art.

[0073] Secondly, the estimation of the slopes may be per-
formed in a manner that the end points of an interval which
may be defined by the SlopeRange may be correctly taken
into account. As will be shown in more detail below, the
method according to the present invention delivers meaning-
ful values with the data, thus avoiding distortions towards the
end of the data set. Since Roark has always performed the
smoothing according to his method on entire data sets, he was
not particularly interested in values near the endpoints. How-
ever, for providing a real-time or a nearly real-time output it
preferred that the values near the end points of the smoothing
set may be as good as possible.

[0074] Third, the method according to the present invention
correctly deals with gaps, particularly with large gaps, which
may likely occur in real-time or in nearly real-time measure-
ments within a stream of data points. As will be presented
later, intolerable errors which are produced by the algorithm
of Roark are avoided by the method according to the present
invention. In particular, the mentioned sub-steps of restricting
the size of the gaps together with an application of a smooth-
ing subset circumvent these problems.

[0075] Fourth, a major advantage of the present invention
may be the application of preprocessing of the data. It has
been found that the method according to the present invention
turns out to be good at smoothing out noise on a time scale of
1 to 5 sampling intervals but, on the other hand, adjusts its
output to slower variations. If such variations may be
smoothed, the spacing of the data may be preferably
increased. It has been found that the preprocessing may
deliver better results in combination with reverse smoothing.
Combining two performances of a standard exponential
smoothing with an intermediate data reduction results in a
satisfactory smoothing but introduces large lag times which
may be comparable to a sliding average which looks back
over 30 data points.

[0076] Fifth, a further advantage feature of the present
invention is based on the fact that the data points within the
stream of data points do not require to be equally spaced.
Employing the verifying step guarantees that data points may
be available without large gaps, thus, providing for a nearly
real-time reporting. Consequently, it may be feasible to adjust
the standard sampling rate with an interval At slower than a
sampling rate the apparatus could technically provide. This
embodiment may particularly allow to minimize the power
consumption of the apparatus as well as the exposure of the
sensor undisturbed by the measurement means, such as an
impinging the sensor with radiation which both may improve
the lifetime of the apparatus.

[0077] Summarizing the findings of the present invention,
the following embodiments are preferred:

Embodiment 1

[0078] A method for determining at least one smoothed
data point (t,, s,) within a stream of data points {t,, s,} with
l=i<z, k<z, wherein i, z, and k are integers, wherein the
stream of data points {t,, s,} is consecutively acquired in a
manner that a data point (t,, s,) is acquired, preferably after a
time interval At, after an acquisition of a preceding data point
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(t..1, 8..,), wherein each data point (t,, s,) in the stream of data

points {t,, s,} either comprises

[0079] avalid value fora signal s, ata time t,, wherein the
valid value for the signal s, is recorded at the time t,, or

[0080] an invalid value for the signal s, at the time t,,
wherein the invalid value for the signal s, is recorded at
the time t, and considered as invalid, or

[0081] a missing value for the signal s, at the time t,
wherein the missing value for the signal s, is missing at
an expected time t;,

[0082] wherein the signal s, at the time t, comprises
physical, chemical, biological, environmental, and/or
technical data acquired by means of a technical set-up,
wherein the method comprises the following steps:

[0083] a)Providing aset of data points which comprises the
stream of data points {t, s,} with 1 <i=z, k<7 ora specific set
which is selected from the stream of data points {t,, s,} or
from a set of smoothed data points {t,, s,};

[0084] b) For each smoothed data point (t,, s,), creating a
smoothing set, wherein the smoothing set comprises a
subset of data points {t,, s,}, wherein the subset of data
points {t,, s;} is taken from the set of data points provided
during the preceding step with

{k+offset-smoothing window+1)</<(f+offset), [0y

[0085] wherein offset >0 is a numerical value which
comprises an offset number which defines a number of
data points (t,, s,) with t>t, which are acquired prior to
creating the smoothing set for the data point (t,, s,) and
which comprise a valid value, and wherein the smooth-
ing window is a numerical value which defines a length
of the smoothing set;

[0086] c) For each smoothed data point (t,, s;), verifying
whether a first condition is fulfilled, wherein the first con-
dition requires that in each pair of two adjacent data points
{(t,.1, 5,.1), (t, 5,)} in the smoothing set the condition

{trt;1)=gap length @

[0087] is fulfilled, wherein gap length is a numerical
value which defines a maximum time difference which
is admitted between the two adjacent data points within
the smoothing set; if the first condition is not fulfilled for
a certain 1, the data points (t;, s;) with 1<, are removed
from the smoothing set;

[0088] d) For each smoothed data point (t,, s;), verifying
whether a second condition is fulfilled, wherein the second
condition requires that a numerical value nequals at least a
numerical value minimal window, wherein n is a numerical
value which equals a number of data points which remain
in the smoothing set {t, s,} after the preceding step,
wherein minimal window is a numerical value which
equals a number of data points which are required to
remain in the smoothing set {t,, s} after the preceding step;
[0089] if the second condition is not fulfilled, no value

for the smoothed data point (t,, s;) is determined and no
smoothed data point (t,, s,) or an error flag is returned;

[0090] if the second condition is fulfilled, proceeding
with the subsequent step;

[0091] e) For each smoothed data point (t,, s,), calculating
aslope set {t,, s;} corresponding to the smoothing set with
1=l=n;

[0092] ) For each smoothed data point (t,, s,), applying at
least one exponential smoothing step to the slope set {t,,
s/}, in which course an at least once modified slope set {t,,
s;*} is determined;
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[0093] g) For each smoothed data point (t,. s,), integrating
the at least once modified slope set {t,, s;*} determined in
the preceding step, in which course the value for the
smoothed data point (t,, s,) is determined and returned;

wherein prior to step b) for each data point in the set of data
points provided according to step a), and/or after step b) for
each data point provided in the smoothing set according to
step b), a criterion is applied in a verifying step to the data
point to deciding whether the data point is retained or dis-
carded.

Embodiment 2

[0094] The method according to the preceding embodi-
ment, wherein the criterion comprises the verifying step
whether the data point (t,, s;) comprises a valid value, or an
invalid value, or a missing value, wherein the data point (t,, s )
which comprises a valid value is retained, where the data
point (t, s)) which comprises one of an invalid value or a
missing value is discarded.

Embodiment 3

[0095] The method according to any one of the preceding
embodiments, wherein an additional condition is verified
whether at least one data point with a valid value exists in an
offset or, preferably, whether all data points in the offset
comprise a valid value, wherein the offset comprises offset
number of data points (t,, s;) with t>t, acquired ahead of the
smoothed data point (t,, s;) for which step b) is currently
performed, after having removed a number of data points
from the smoothing set during the verifying step; if the addi-
tional condition is not fulfilled, no value for the smoothed data
point (t,, s,) is determined and no smoothed data point (t,, s;)
or an error flag is returned.

Embodiment 4

[0096] The method according to any one of the preceding
embodiments, wherein the numerical value offset is chosen
from an interval [1, 4], whereby 2 is the preferred value.

Embodiment 5

[0097] The method according to any one of the preceding
embodiments, wherein the numerical value smoothing win-
dow is chosen from an interval [7, 40], preferably from an
interval [15, 25], whereby 20 is the most preferred value.

Embodiment 6

[0098] The method according to any one of the preceding
embodiments, wherein the numerical value gap length is cho-
sen from an interval [5 At, 30 At], preferably from an interval
[5 At, 15 At], whereby 6 At is the most preferred value.

Embodiment 7

[0099] The method according to any one of the preceding
embodiments, wherein the numerical value minimal window
is chosen from an interval [5, 20], preferably from an interval
[3, 10], whereby 5 is the most preferred value.

Embodiment 8

[0100] The method according to any one of the preceding
embodiments, wherein the specific set provided in step a) is

Jul. 7, 2016

selected by taking every p-th item, whereby p is a numerical
value preferably chosen from an interval [2, 6], whereby 3 is
the most preferred value.

Embodiment 9

[0101] The method according to the preceding embodi-
ment, wherein p subsets are selected, whereby the g-th subset
comprises a number of items q, p+q, 2p+q, . . . with q=p, as
long as the item comprises a value which is valid.

Embodiment 10

[0102] The method according to the preceding embodi-
ment, wherein the p subsets are merged after smoothing.

Embodiment 11

[0103] The method according to the preceding embodi-
ment, wherein the p subsets are merged after applying calcu-
lating means of corresponding items within the p subsets.

Embodiment 12

[0104] The method according to any one of the preceding
embodiments, wherein the data point (t,, s,) is acquired at a
point of time t, which is prior to the end of the specific time
interval At=(t,~t,_,).

Embodiment 13

[0105] The method according to the preceding embodi-
ment, wherein the data point (t,, s,) is acquired at a point of
time t, which is prior to the end of the specific time interval
At=(t,~t,_,) after the preceding data point (t, ,, s, ;) comprises
a value which is invalid or missing.

Embodiment 14

[0106] Themethodaccordingto any one ofthe an one ofthe
preceding embodiments, wherein the specific set is selected
by retaining items at data points with t,, t,+rAt, t,+2rAt, . . .
with 0<t, or an adjacent item.

Embodiment 15

[0107] The method according to the preceding embodi-
ment, wherein the adjacent item is at a distance of +At or of +2
At from the data point (t,, s;) which comprises a value which
is invalid or missing.

Embodiment 16

[0108] The method according to any one of the preceding
embodiments, wherein step ¢) comprises the following sub-
steps:

[0109] el) Defining a numerical value SlopeRange as a
number of data points employed to calculate a slope of
each data point (t, s,);

[0110] e2) Assign a differentiation set {t,,, s,,} to each
data point (t,, s,), using the following procedure:

[0111] If SlopeRange is an odd number, selecting
(SlopeRange-1)/2 data points before and (SlopeR-
ange-1)/2 data points after each data point (t,, s,), as
long as the selected data points exist in the smoothing
set; ifa data point (t,, s,) does not exist at an end of the
smoothing set, working with the data points which do
exist;
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[0112] if SlopeRange is an even number, selecting
SlopeRange/2 data points before and (SlopeRange/2-
1) data points after each data point (t,, s,), as long as
the selected data points exist in the smoothing set; if a
data point (t,, s,) does not exist at an end of the smooth-
ing set, working with the data points which do exist;

[0113] €3) Calculating the slope set {1, s,'} correspond-
ing to the smoothing set according to the formula

d

d
> s
T m=1

m=

d
dZ LS —
m=1
d
d d
dY = ) L in
m=1 m=1

m=1

sp=

[0114] where the sums X are calculated over the data
points in the differentiation set {t,,, s,,} with d either
being equal to SlopeRange or smaller if data points
did not exist at the ends of the smoothing set, and the
calculation is performed for each point in the smooth-
ing set, 1=l=<n.

Embodiment 17

[0115] The method according to the preceding embodi-
ment, wherein the numerical value SlopeRange is chosen
from an interval [3, 6], whereby 3 is the preferred value.

Embodiment 18

[0116] The method according to any one of the preceding
embodiments, wherein step f) comprises the following sub-
steps:

[0117] £1) Applying a first forward exponential smooth-
ing to the slope set {t,, s;} acquired in step €) in an
ascending order 1, 2, ..., n-1, n with

5, *=g," and
s = Was/+(1-Wq sy, for 1<i=n, 4
[0118] wherein W, is a first weight adapted for the

first forward exponential smoothing;

[0119] 12) Applying a reverse exponential smoothing to
the slope set {t,, s,;* } modified in the preceding sub-step
in a descending order n, n—1, . .., 2, 1 with

5, %=g "* and
§ =T s 4 (1-W, ), * for 1si<n, (5)
[0120] wherein W, is a second weight adapted for the

reverse exponential smoothing;

[0121] 13) Applying a second forward exponential
smoothing to the slope set {t, s;*} modified in the
preceding sub-step in an ascending order 1, 2, .. ., n-1,
nwith

Sl!***zsl'** H.Hd.

5y REEW s (1= W )rsp ** for 1<Usn, (6)

[0122] wherein W, is a third weight adapted for the
second forward exponential smoothing.
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Embodiment 19

[0123] The method according to the preceding embodi-
ment, wherein the first weight adapted for the first forward
exponential smoothing W, is chosen from an interval [0.3,
0.6], whereby 0.5 is the preferred value.

Embodiment 21

[0124] The method according to any one of the two preced-
ing embodiments, wherein the second weight adapted for the
reverse exponential smoothing W, is chosen from an interval
[0.2, 0.5], whereby 0.33 is the preferred value.

Embodiment 22

[0125] The method according to any one of the three pre-
ceding embodiments, wherein the third weight adapted for
the second forward exponential smoothing W, is chosen
from an interval [0.3, 0.6], whereby 0.5 is the preferred value.

Embodiment 23

[0126] The method according to any one of the preceding
embodiments, wherein step g) comprises the following sub-
steps:
[0127] gl) Calculating an average orig mean of the val-
ues s, with 1=l=n within the smoothing set prior to step
e);
[0128] g2) Numerically integrating the at least once
modified slope set (1, s;*) with

integral,=0 and

integral=integral, | +{(1-w,}-s;***+ws; | **¥}~ {1~
t,,} for 1<i<n, 7

[0129] wherein w, is a fourth weight adapted for inte-
grating; thereby creating an integrated set;

[0130] g3) Calculating an average new mean of the val-
ues integral, with 1<i=n within the integrated set;

[0131] g4) Calculating an integration constant int const
by applying a formula
int const=orig mean—new mearn; (8)
[0132] g5) Calculating the smoothed value of

s=integral,+int const 9)

[0133] and return the value for the smoothed data
point (t,, s;) with k=n-offset.

Embodiment 24

[0134] The method according to the preceding embodi-
ment, wherein the fourth weight adapted for integrating w;, is
chosen from an interval [0.25, 0.75], whereby 0.33 is the
preferred value.

Embodiment 25

[0135] The method according to any one of the preceding
embodiments, wherein at least one triple data point (1, 5., s;)
is returned, wherein the triple data point (t,, s,, s;') includes a
value s, for the slope f the smoothed value s,.

Embodiment 26

[0136] The method according to any one of the preceding
embodiments, wherein the stream of data points {t,, s,} com-
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prises a measurement series which is consecutively recorded
by a sensor, wherein the sensor is adapted for recording the
signal s, at the time t,.

Embodiment 27

[0137] The method according to the preceding embodi-
ment, wherein the signal s, at the time t, is particularly related
to a concentration of a substance in a volume.

Embodiment 28

[0138] Themethod according to any one of the two preced-
ing embodiments, wherein the sensor is an optical sensor.

Embodiment 29

[0139] The method according to the preceding embodi-
ment, wherein the sensor is a fluorescence sensor,

Embodiment 30

[0140] The method according to any one of the four pre-
ceding embodiments, wherein the sensor is adapted for deter-
mining a glucose concentration in a body fluid.

Embodiment 31

[0141] The method according to the preceding embodi-
ment, wherein the sensor is adapted for determining a glucose
concentration in an interstitial fluid.

Embodiment 32

[0142] An apparatus for determining at least one smoothed
data point (t;, s;) within a stream of data points {t,, s,} with
1=i, k=m, comprising
[0143] an instruction device for instructing a sensor to
record a series of signals s, at a time t, and to deliver a
stream of data points {t,, s,}, wherein the signal s, at the
time t, comprises physical, chemical, biological, envi-
ronmental, and/or technical data acquired by means of a
technical set-up, wherein at least some of the data points
(t, 5;) in the stream of data points {t,, s,} comprise a valid
value for the signal s, at the time t,;
[0144] a receiving and storing device for receiving and
subsequently storing the stream of data points {t,, s,};
[0145] a calculating device for determining the at least
one smoothed data point (t,, s,) within the stream of data
points {1, s,} with 1<i<m,
which are configured to perform any steps according to any of
the preceding embodiments.

Embodiment 33

[0146] The apparatus according to the preceding embodi-
ment, wherein the apparatus is an analytical device for deter-
mining at least one body function of a user, further compris-
ing at least one sensor for recording at least one body function
of the user.

Embodiment 34

[0147] The apparatus according to the preceding embodi-
ment, wherein the at least one sensor is selected from the
group consisting of: a sensor for measuring an analyte con-
centration of at least one analyte in a body tissue or a body
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fluid of the user; a cardiac sensor for determining at least one
cardiac function of the user; a pulse sensor; a blood pressure
sensor; an ECG; an EEG.

Embodiment 35

[0148] Theapparatus according to any one ofthe preceding
embodiments, wherein the apparatus is separated into at least
two separate parts, wherein the instruction device is coupled
to the sensor, wherein the instruction device comprises a
wireless sending device, and wherein the receiving and stor-
ing device and the calculating device are coupled together.

Embodiment 36

[0149] A use of the apparatus according to any one of the
preceding embodiments referring to an apparatus for a pur-
pose, selected from the group comnsisting of: measuring an
analyte concentration of at least one analyte in a body tissue
or a body fluid of the user; determining at least one cardiac
function of the user; determining a pulse of the user; deter-
mining a blood pressure of the user; recording an ECG;
recording an EEG.

Embodiment 37

[0150] A computer program including computer-execut-
able instructions for performing the method according to any
one of the preceding method claims, when the program is
executed on a computer or computer network.

Embodiment 38

[0151] A datacarrierhaving a data structure stored thereon,
wherein the data structure, after loading into a computer or
computer network, is capable of executing the method
according to any one of the preceding method claims.

Embodiment 39

[0152] A computer or computer network comprising at
least one processor, wherein the processor is adapted to per-
form the method according to any one of the preceding
embodiments referring to a method.

Embodiment 40

[0153] A computer loadable data structure that is adapted to
perform the method according to any one of the preceding
embodiments referring to a method while the data structure is
being executed on a computer.

Embodiment 41

[0154] A computer program, wherein the computer pro-
gram is adapted to perform the method according to any one
of the preceding embodiments referring to a method while the
program is being executed on a computer.

Embodiment 42

[0155] A computer program comprising program means
for performing the method according to any one of the pre-
ceding embodiments referring to a method while the com-
puter program is being executed on a computer or on a com-
puter network.
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Embodiment 43

[0156] A computer program comprising program means
according to the preceding embodiment, wherein the pro-
gram means are stored on a storage medium readable to a
computer.

Embodiment 44

[0157] A storage medium, wherein a data structure is stored
on the storage medium and wherein the data structure is
adapted to perform the method according to any one of the
preceding embodiments referring to a method after having
been loaded into a main and/or working storage of a computer
or of a computer network

Embodiment 45

[0158] A computer program product having program code
means, wherein the program code means can be stored or are
stored on a storage medium, for performing the method
according to any one of the preceding embodiments referring
to a method, if the program code means are executed on a
computer or on a computer network.

SHORT DESCRIPTION OF THE FIGURES

[0159] Further optional features and embodiments of the
invention will be disclosed in more detail in the subsequent
description of preferred embodiments, preferably in conjunc-
tion with the dependent claims. Therein, the respective
optional features may be realized in an isolated fashion as
well as in any arbitrary feasible combination, as the skilled
person will realize. The scope of the invention is not restricted
by the preferred embodiments. The embodiments are sche-
matically depicted in the Figures. Therein, identical reference
numbers in these Figures refer to identical or functionally
comparable elements.

[0160] In the Figures:

[0161] FIG. 1 presents a schematic overview over a pre-
ferred embodiment according to the method for determining
at least one smoothed data point within a stream of data
points;

[0162] FIG. 2 shows a comparison for a stream of data
points with a gap of 25 data points (FIG. 2A), and a gap of 42
data points (FIG. 2B), respectively, as presented in a first set
of original raw data points, in a second and a third set of data
points which are smoothed according to methods known from
the state of the art, and in a fourth set of data points which are
smoothed according to the present method; and

[0163] FIG. 3 schematically depicts two different embodi-
ments (FIGS. 3A and 3B) of an apparatus for determining at
least one smoothed data point within a stream of data points.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0164] FIG. 1 presents a schematic overview over a pre-
ferred embodiment according to the method for determining
atleast one smoothed data point (t;, s,) within a stream of data
points {t, s,} 110 with 1sisz, k<z, wherein i, z, and k are
integers. Herein, asignal s, atatime t, 112 comprises physical,
chemical, biological, environmental, and/or technical data
acquired by means of a technical set-up. Within this regard,
the stream of data points 110 may be consecutively acquired
over the time 112 in a manner that a previous data point may
be recorded at an earlier time 114 whereas the latest data point
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116 may be reported near the actual reporting time 112. By
going back in time from the latest data point 116 by a number
of points equal to Smoothing Window 118, a smoothing set
120 may be created. Hereby, an offset 119, which describes
the difference between the latest data point 116 and the actual
reporting time 112, occurs. In a subsequent verifying step
122, data points which comprise an invalid value or a missing
value may be removed from the smoothing set 120. The
method as presented in FIG. 1 may comprise an additional
condition 124 which may examine whether any data still exist
in the offset 119 after having removed a number of data points
from the smoothing set 120 during the verifying step 122. If
the additional condition 124 is not fulfilled, no output will be
available from the recorded stream of data points. In this case,
a waiting step 126 may be introduced, where the further
performance of the method may pause until a recording of the
next data point may occur. As soon as the next data point may
be available, the smoothing set 120 may be moved in a sliding
step 128 to the right into a position where the latest data point
116 is located. From the latest data point 116 it may then be
feasible to restart the method with creating a new smoothing
set 120 from the accordingly adjusted Smoothing Window
118.

[0165] On the other hand, if data exist in the offset 119
according to the additional condition 124, it may then be
verified whether a first condition 130, which may examine
whether there are large gaps within the smoothing set 120,
may be fulfilled or not. If the first condition 130 is fulfilled,
trailing data may be removed from the smoothing set 120.
Subsequently, it may be examined whether a second condi-
tion 132, which may verify whether the smoothing set may be
long enough fora further performing of the method according
to the invention, may be fulfilled. Ifthe second condition 132
may be not fulfilled, the same consequence as described
above when no data did exist in the offset 118 may occur.
Consequently a waiting step 126 may be performed in this
case until the next data point may be available, on which event
the sliding step 128 may be performed as described above.
[0166] On the other hand, when the smoothing set may be
examined by verifying the second condition 132 to be long
enough, a first calculating step 134 may be performed,
wherein the parameter orig mean within the smoothing set
120 is determined. Subsequently, in a second calculating step
136 an initial slope set may be calculated for the data points in
the smoothing set 120, on which a first forward smoothing
step 138 may be applied, followed by a reverse smoothing
step 140, and, subsequently, by a second forward smoothing
step 142. During the smoothing steps 138, 140, 142 the slope
set may such be modified three times, wherein the finally
modified slope set may be employed as an input for an inte-
grating step 144, in which course a value for the smoothed
data point is determined and returned in a determining and
returning step 146.

[0167] Having finished such a single performance with the
latest data point 116 as input, the method may terminate.
Alternatively, the method may continue with a subsequent
pass as soon as the next data point may be available and the
smoothing set may be moved to the right according to the
sliding step 128 in order to cover the latest data point 116.
[0168] In the following a number of specific embodiments
will be described which may be selected due to a specific
requirement with regard to the time series data.

[0169] A first embodiment which could be designated as a
“one-pass real-time smoothing”, therefore, employs the steps
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as presented in FIG. 1 and the respective description together
with parameters which are selected from the range and/or
values as given in Table 1.

[0170] A second embodiment, which could be designated
as a “two-pass real-time smoothing with data reduction” may
be selected in a case where a better smoothing is required
while reporting in real-time or nearly real-time is still needed.
In this case, the method as presented schematically in FIG. 1
may be applied twice in the following manner. First, the
method as presented in FIG. 1 may be applied in a first pass to
the original data set with parameters taken from Table 1.
Thereafter, only every p-th data point in the data set resulting
from the determining and returning step 146 may be retained
while discarding the rest of the data points, wherein a typical
value for p may be selected to be equal to 3. Thereby, a
reduced data set may be obtained. Then, the method as
depicted in FIG. 1 may be applied in a second pass to the
reduced data set, particularly with the same parameters as
used in the first pass. Alternatively, it may be possible to
employ differing parameters, either selected from Table 1 or
not, for the second pass compared with the first pass.

[0171] As avariation of the second embodiment, p data sets
may be created from the original data set, wherein the first of
these data sets may start with the data points 1, 1+p, 1+2p, ..
. whereas the second data set may start with 2, 2+p, 2+2p, . .
. etc. Thereafier, the method as presented in FIG. 1 is applied
to each of the p data sets, by which p smoothed data sets may
be obtained. Subsequently, the p smoothed data sets may be
merged either without further processing, or, preferably, after
applying calculating means of corresponding items within the
p subsets. Hereby, the calculating means may be selected
from arithmetic means, medians or other such calculations,
which may be applied to the respective data points either in a
direct manner, resulting in a reduced number of data points
compared to the input data set, or in a sliding manner, result-
ing in the same number of data points compared to the input
data set. Inaddition, data points may be eliminated according
to any criterion before calculating means.

[0172] Ina third embodiment, which may be designated as
a “real-time smoothing on a preprocessed reduced data set”,
the method as shown in FIG. 1 may be applied to a reduced
data set. The reduced data set may be prepared from the
original data set by retaining only every p-th data point or by
retaining items at such data points which are recorded at times
to, To+rAL, t,4+2rAt, . . with O<r, r being an integer. In case such
a selected item turns out to be an invalid value or a missing
value, an adjacent item, in particular wherein the adjacent
item is at a distance of At or £2-At from the respective data
point, may be selected. Hereby, a number of attempts for
searching a valid data point backward and/or forward may be
chosen appropriately as long as any point may not be used
twice. Thereafter, the method which is depicted in FIG. 1 may
be applied to the reduced data set with parameters selected
from Table 1.

[0173] A similar variation as applied to the second embodi-
ment may mutatis mutandis be also applied to the third
embodiment. In this manner, it may also be feasible within the
third embodiment to create p data sets which are used as an
input for the method according to FIG. 1, wherein the result-
ing smoothed data sets may be merged in one of the manners
as described above.

[0174] Whereas the first embodiment may provide a good
smoothing on short time scales, it has been found that the
method according to the second and/or the third embodiment
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may be particular useful for smoothing noise on longer times
scales. Whereas the second embodiment may often provide a
better smoothing compared to the method according to the
third embodiment, the second embodiment may computa-
tionally be more demanding and requires more data points in
the future. Consequently, the method according to the second
embodiment may not return a smoothed data point as early as
a data point which may have been smoothed by a method
according to the third embodiment. The above specified
variations to the second embodiment and/or to the third
embodiment, however, may demand more computational
time and effort and, therefore, may be only suitable in a case
where an additional smoothing and/or a tight spacing of the
data points over the time may be required.

[0175] The variations of the second and third embodiment
may particularly be advantageous when an output in form of
atriple comprising the slope, (t,, s, ;') is desired. Hereby, the
calculating means for merging the subset are particularly
adapted to result in a smooth value for the slope s,

[0176] As apractical example, the method according to the
present invention has been applied on the data points which
were acquired during a clinical study which comprised 20
sensors in a cohort of ten patients and up to six streams of data
points per sensor. As a result, it could be proved that by an
application of the method according to the present invention
data are recorded that show less distortion and approximately
equal noise compared to data acquired with a sliding average
as used before. In addition, the present method allowed to
calculate a slope of the signal and, thus, to provide the data in
amanner that a numerical correction for deviations which are
caused by glucose dynamics could be applied. Over the whole
cohort, the methods according to the second embodiment and
to the third embodiment have been compared with a nearly
identical result. An important parameter adapted to compare
such kinds of results is the “mean absolute relative deviation”
(MARD) which describes deviations from a reference value
being expressed in a percent value, whereby the absolute
value is taken and the mean is calculated over one set of data,
for example one data stream of the sensor. As an example, 1t
has been found that in a typical experiment the MARD value
decreases from a mean over the whole cohort from 14.6% to
13.6% by the application of the method according to the
present invention. With streams of data points which particu-
larly comprise a lot of noise, the improvement was often
found to be much better.

[0177] As an example, a reduction of the MARD value
from 35% to 25% by the application of the method according
to the invention could be observed in a particularly noisy data
set. In addition to this statistical value which disregards any
dynamics in the glucose values, less bias could be observed,
particularly within dynamic regions.

[0178] The method according to the present invention is
particularly suited to deal with large gaps which may occur in
the stream of data points. FIGS. 2A and 2B show two
examples in which there are large gaps in the data stream. In
FIG. 2A, a gap of 25 data points occurs, whereas in FIG. 2B
even 42 data points exhibit a missing value. In both FIGS. 2A
and 2B, the original raw data 148 as obtained from the sensor
which may be located within the technical set-up are pre-
sented together with the smoothed data points, which are
smoothed according to the state of the art either with a sym-
metric moving average 150 over 30 data points or with the
so-called “reverse smoothing” method 152 according to
Roark, as well as smoothed data points 154 returned by the
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method according to the present invention. A comparison
between the sets of the smoothed data 150, 152 smoothed
according to the state of the art and the set of smoothed data
154 smoothed according to the present invention shows that
the method proposed here is far more capable of dealing with
large gaps within the stream of data points than the “reverse
smoothing” method 152, and comparable to the symmetric
moving average 150 which requires 15 data points in the
future. This feature is of particular importance in the case of
real-time or nearly real-time acquisition and smoothing of
data points.

[0179] FIGS. 3A and 3B schematically display two
embodiments of an apparatus 156 which is adapted to deter-
mining at least one smoothed data point within a stream of
data points.

[0180] According to the embodiment shown in FIG. 3A,
the apparatus 156 comprises an instruction device 158 for
instructing a sensor 160 to record a series of signals s, ina time
t, and to deliver a stream of data points {t,, 5,} with 1sisztoa
receiving and storing device 162 which is also comprised
within the apparatus 156. The apparatus 156 further com-
prises a calculating device 164 which receives the stream of
data points by means of a first connecting device 166 from the
receiving and storing device 162, wherein the calculating
device 164 is configured to determining the at least one
smoothed data point (t,, s,) with k<z within the stream of data
points, wherein the at least one smoothed data point (t, s;)
may be provided by an output 167 for any further purpose.
Hereby, the instruction device 158 may comprise a sending
device 168 which is configured for forwarding instructions
wire-bound and/or wireless to the sensor 160, whereas the
receiving and storing device 162 may comprise a receiving
device 170 which is configured for receiving the stream of
data points {t,, s,} wire-bound and/or wireless from the sensor
160. In this specific example as depicted in FIG. 3A, the
sensor 160 does not form a constituent part of the apparatus
156. However, other embodiments may be feasible, in par-
ticular, wherein the sensor 160 may, nevertheless, constitute
an integral part of the apparatus 156.

[0181] FIG. 3B shows a particularly preferred embodi-
ment, wherein the apparatus 156 may be mechanically and/or
physically separated into a first part 172 and into a second part
174. Hereby, the instruction device 158 may together with the
sensor 160 be located within the first part 172 of the apparatus
156, wherein the first part 172 of the apparatus 156 may, by
way of example, be worn on or near the human body, where
the sensor 160 may be applied. For this purpose, the instruc-
tion device 158 may comprise a wire-bound sending device
166 configured to forward instructions to the sensor 160,
wherein the sensor 160 may comprise a wire-bound transfer
device 176 configured for transferring data to the instruction
device 158. This preferred arrangement may particularly
allow to realize a preferred function which comprises that a
data point (t,, s;) may be acquired prior to the end of a specific
time interval At=(t,—t, ), in particular in a case wherein the
preceding data point (t,_,, s,., ) may comprise a value which is
eitherinvalid or missing. However, other types of connections
between the instruction device 158 and the sensor 160 may
also be possible.

[0182] In addition, both the receiving and storing device
162 as well as the calculating device 164 may be located
within the second part 174 of the apparatus 156 and may be
coupled together, for example as a part of an ASIC, and, by
way of example, may be carried by the user or may be left
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under supervision of a nursing staff. Hereby, it is particularly
preferred when the calculating device 164 receives the stream
of datapoints by {t,, s,} means of a first connecting device 166
from the receiving and storing device 162 and may, addition-
ally, be configured for forwarding intermediate values to the
receiving and storing device 162 by means of a second con-
necting device 178. Also in this embodiment, the calculating
device 164 may be configured for providing the at least one
smoothed data point (t,, s,) for any purpose via the output
167. In this preferred embodiment, the receiving and storing
device 162 may comprise a wireless receiving device 170
which is configured for receiving the stream of data points
from the sensor 160. However, other types of connections
between the receiving and storing device 162 and the calcu-
lating device 164 may also be possible. In addition, the receiv-
ing and storing device 162 may also be realized as at least two
separate entities which might communicate with each other
by various possible ways.

LIST OF REFERENCE NUMBERS

[0183] 110 stream of data points

[0184] 112 recording time

[0185] 114 earlier data point

[0186] 116 latest data point

[0187] 118 smoothing window

[0188] 119 offset

[0189] 120 smoothing set

[0190] 122 verifying step

[0191] 124 additional condition

[0192] 126 waiting step

[0193] 128 sliding step

[0194] 130 first condition

[0195] 132 second condition

[0196] 134 first calculating step

[0197] 136 second calculating step

[0198] 138 first forward smoothing step

[0199] 140 reverse smoothing step

[0200] 142 second forward smoothing step

[0201] 144 integrating step

[0202] 146 determining and returning step

[0203] 148 set of original raw data

[0204] 150 symmetric moving average over 30 points (state
of the art)

[0205] 152 set of smoothed data according to Roark (state
of the art)

[0206] 154 set of smoothed data according to the present
invention

[0207] 156 apparatus

[0208] 158 instruction device

[0209] 160 sensor

[0210] 162 receiving and storing device

[0211] 164 calculating device

[0212] 166 first connecting device

[0213] 167 output

[0214] 168 sending device

[0215] 170 receiving device

[0216] 172 first part of the apparatus

[0217] 174 second part of the apparatus

[0218] 176 transfer device

[0219] 178 second connecting device

1-19. (canceled)

20. A method for determining at least one smoothed data
point (t,, s,) within a stream of data points {t, s,} with 1=i<z,
k<z, wherein i, z, and k are integers, wherein the stream of
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data points {t,, s,} comprises a measurement series which is
consecutively recorded by a sensor for determining at least
one body function, wherein the stream of data points {t,, s,} is
consecutively acquired in a manner that a data point (t,, s,) is
acquired by the sensor after a time interval At after an acqui-
sition of a preceding data point (t,_, s, ,), wherein each data
point (t, s,) in the stream of data points {t,, s,} either com-
prises
avalid value for a signal s, at a time t,, wherein the valid
value for the signal s, is recorded at the time t,, or
an invalid value for the signal s, at the time t,, wherein the
invalid value for the signal s, is recorded at the time t, and
considered as invalid, or
a missing value for the signal s, at the time t,, wherein the
missing value for the signal s, is missing at an expected
time t,,
wherein the recording of the signal s, at the time t, comprises
acquiring physical, chemical, biological, environmental, or
technical data,
wherein the method comprises the following steps:
a) Providing a set of data points which comprises the
stream of data points {t,, s,} with 1=i<z, k=<z or a specific
set which is selected from the stream of data points {t,
s;} or from a set of smoothed data points {t,, s,};
b) For each smoothed data point (t, s,), creating a smooth-
ing set, wherein the smoothing set comprises a subset of
data points {t,, s,}, wherein the subset of data points {t;,
s;} is taken from the set of data points provided during
the preceding step with

{k+offset-smoothing window+1)</<(k+offset), 6y

wherein offset is a numerical value which comprises an
offset number which defines a number of data points (t,,
s;) with t>t, which are acquired prior to creating the
smoothing set for the data point (t,, s,) and which com-
prise a valid value, wherein the numerical value offset is
chosen from an interval [1, 4], and wherein the smooth-
ing window is a numerical value which defines a length
of the smoothing set, wherein the numerical value
smoothing window is chosen from an interval |7, 40];

¢) For each smoothed data point (t,, s,), verifying whether
a first condition is fulfilled, wherein the first condition
requires that in each pair of two adjacent data points
{1, 5.1), (t, 5,)} in the smoothing set the condition

(t-1,)=gap length 2

is fulfilled, wherein gap length is a numerical value
which defines a maximum time difference which is
admitted between the two adjacent data points within
the smoothing set, wherein the numerical value gap
length is chosen from an interval [5 At, 30 At];

if the first condition is not fulfilled for a certain 1,, the
data points (t, s;) with I<l, are removed from the
smoothing set;

d) For each smoothed data point (t,, s,), verifying whether
a second condition is fulfilled, wherein the second con-
dition requires that a numerical value n equals at least a
numerical value minimal window, wherein n is a
numerical value which equals a number of data points
which remain in the smoothing set {t,, s,} after the pre-
ceding step, wherein minimal window is a numerical
value which equals a number of data points which are
required to remain in the smoothing set {t;, s;} after the
preceding step, wherein the numerical value minimal
window is chosen from an interval [5, 20];
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if the second condition is not fulfilled, no value for the
smoothed data point (t,, s,) is determined and no
smoothed data point (t,, s,) or an error flag is returned,

if the second condition is fulfilled, proceeding with the
subsequent step;

e) For each smoothed data point (t,, s,), calculating a slope
set {t;, s} corresponding to the smoothing set with
1=l=n;

f) For each smoothed data point (t,, s,), applying at least
one exponential smoothing step to the slope set {t;, 5},
in which course an at least once modified slope set {t,,
s;*} is determined;

2) For each smoothed data point (t, s;), integrating the at
least once modified slope set {t,, s,;*} determined in the
preceding step, in which course the value for the
smoothed data point (t,, s,) is determined and returned,

wherein prior to step b) for each data point in the set of data
points provided according to step a), or after step b) for
each data point provided in the smoothing set according
to step b), a criterion is applied in a verifying step to the
data point to deciding whether the data point is retained
or discarded.

21. The method of claim 20, wherein the criterion com-
prises the verifying step whether the data point (t,, s;) com-
prises a valid value, or an invalid value, or a missing value,
wherein the data point (t,, s,) which comprises a valid value is
retained, where the data point (t,, s;) which comprises one of
an invalid value or a missing value is discarded.

22. The method of claim 20, wherein an additional condi-
tion is verified whether at least one data point with a valid
value exists in an offset, wherein the offset comprises offset
number of data points (t,, s;) with t>t, acquired ahead of the
smoothed data point (t,, s,) for which step b) is currently
performed, after having removed a number of data points
from the smoothing set during the verifying step; if the addi-
tional condition is not fulfilled, no value for the smoothed data
point (t,. s;) is determined and no smoothed data point (t,, s,)
or an error flag is returned.

23, The method of claim 20, wherein the numerical value
offset is chosen as 2; wherein the numerical value smoothing
window is chosen from an interval [15, 25]; wherein the
numerical value gap length is chosen from an interval [5 At,
15 At]; and wherein the numerical value minimal window is
chosen from an interval [3, 10].

24. The method of claim 20, wherein the specific set pro-
vided in step a) is selected by taking every p-th item, whereby
p is a numerical value chosen from an interval [2, 6].

25. The method of claim 24, wherein p subsets are selected,
whereby the g-th subset comprises a number of items (t,, s;)
with i=q, p+q, 2p+q, . . . and with q<p, as long as the item
comprises a value which is valid, wherein the p subsets are
merged after smoothing.

26. The method of claim 20, wherein the data point (t,, s,)
is acquired after the preceding data point (t,_,, s,., ) comprises
a value which is invalid or missing.

27. The method of claim 26, wherein the data point (t,, s,)
is acquired at a point of time t, which is prior to the end of the
specific time interval At=(t,—, ,).

28. The method of claim 20, wherein the specific set is
selected by retaining items at data points with t,, t,+Af,
to+2r-At, . . . with O<r and with r being an integer, or an
adjacent item.

29. The method of claim 20, wherein step e) comprises the
following sub-steps:
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el) Defining a numerical value SlopeRange as a number of
data points employed to calculate a slope of each data
point (t,, s,), wherein the numerical value SlopeRange is
chosen from an interval [3, 6];
€2) Assign a differentiation set {t,,. s,,} to each data point
(t;, s,), using the following procedure:
if SlopeRange is an odd number, selecting (SlopeR-
ange-1)/2 data points before and (SlopeRange-1)/2
data points after each data point (t,, s;), as long as the
selected data points exist in the smoothing set; if a
data point (t,, s;) does not exist at an end of the smooth-
ing set, working with the data points which do exist;
if SlopeRange is an even number, selecting SlopeR-
ange/2 data points before and (SlopeRange/2-1) data
points after each data point (t,, s,), as long as the
selected data points exist in the smoothing set; if a
data point (t,, s,) does not exist at an end of the smooth-
ing set, working with the data points which do exist;
€3) Calculating the slope set {t,, s} corresponding to the
smoothing set according to the formula

dZ LS — Z [”‘Z Sm
m=1 m=1
m=1

d

d d
dY 5= ) 1 Xin
el el

m=1

! =
Sp =

where the sums X are calculated over the data points in
the differentiation set {t,, s,,} with d either being
equal to SlopeRange or smaller if data points did not
exist at the ends of the smoothing set, and the calcu-
lation is performed for each point in the smoothing
set, 1=l=n.
30. The method of claim 20, wherein step ) comprises the
following sub-steps:
1) Applying a first forward exponential smoothing to the
slope set {t;, s, } acquired in step €) in an ascending order
1,2,...,n-1,nwith

51 *=s," and
S 5= W5 +(1- Wy sy, for 1<l=n, 4

wherein is a first weight adapted for the first forward
exponential smoothing, wherein the first weight W,
is chosen from an interval [0.3, 0.6];
2) Applying a reverse exponential smoothing to the slope
set {t, s;*} modified in the preceding sub-step in a
descending order n, n-1, . .., 2, 1 with

s, *¥=g "% and
§ =W s * (1= W, ) sy * for 1=i<n, (5)

wherein W, is a second weight adapted for the reverse
exponential smoothing, wherein the second weight
W,.is chosen from an interval [0.2, 0.5];
3) Applying a second forward exponential smoothing to
the slope set {t,, s,;*} modified in the preceding sub-step
in an ascending order 1, 2, ..., n-1, n with

Slf***:sl'** H.Hd.

5= W s 2+ (1= W)rsp ** for 1<lsn, (6)
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wherein W, is a third weight adapted for the second
forward exponential smoothing, wherein the third
weight W, is chosen from an interval [0.3, 0.6].
31. The method of claim 20, wherein step g) comprises the
following sub-steps:
¢1) Calculating an average orig mean of the values s, with
1=l=n within the smoothing set prior to step e);
22) Numerically integrating the at least once modified
slope set (t,, s,*) with

integral =0 and

integral=integral, ;+[{1-w,)s; * w5, %%~ ft-1;.
1] for 1<i=n, (7)
wherein w; is a fourth weight adapted for integrating,
wherein the fourth weight w, is chosen from an inter-
val [0.25, 0.75]; thereby creating an integrated set;
23) Calculating an average new mean of the values inte-
gral,, with 1<i=n within the integrated set;
g4) Calculating an integration constant int const by apply-
ing a formula

int const=orig mean-new mean; (8)
25) Calculating the smoothed value of
s;=integral,+int const 9

and return the value for the smoothed data point (t,, s,)
with k=n-offset.

32. The method of claim 20, wherein at least one triple data
point (t,, s,, s;) is returned, wherein the triple data point (t,,
sy, 8,) includes a value s, for the slope of the smoothed value
Sy

33. The method of claim 20, wherein the sensor is adapted
for recording the signal s, at the time t, which is related to a
concentration of a substance in a volume, wherein the sensor
1s an optical sensor adapted for determining the concentration
of the substance in the body fluid.

34. An apparatus for determining at least one smoothed
data point (t,, s,) within a stream of data points {t,, s,} with
1=i=m, k<m, comprising

an instruction device for instructing a sensor to record a
series of signals s, at a time t, and to deliver a stream of
data points {t,, s,}, wherein the sensor is adapted for
recording the signal s, at the time t,, wherein the record-
ing of the signal s, at the time t, comprises acquiring
physical, chemical, biological, environmental, or tech-
nical data, wherein at least some of the data points (t,, s;)
in the stream of data points {t,, s,} comprise a valid value
for the signal s, at the time t;

a receiving and storing device for receiving and subse-
quently storing the stream of data points {t, s,};

a calculating device for determining the at least one
smoothed data point (t, s,) within the stream of data
points {t, s,} with 1<ism,

which are configured to perform any steps according to
claim 20, wherein the apparatus is an analytical device
for determining at least one body function, further com-
prising at least one sensor for recording at least one body
function.

35. The apparatus of claim 34, wherein the at least one
sensor is selected from the group consisting of: a sensor for
measuring an analyte concentration of at least one analyte in
a body tissue or a body fluid of the user; a cardiac sensor for
determining at least one cardiac function of the user; a pulse
sensor; a blood pressure sensor; an ECG; an EEG.
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36. The apparatus of claim 34, wherein the apparatus is
separated into at least two separate parts, wherein the instruc-
tion device is coupled to the sensor, wherein the instruction
device comprises a wireless sending device, and wherein the
receiving and storing device and the calculating device are
coupled together.

37. The method of claim 20, for measuring an analyte
concentration of at least one analyte in a body tissue or a body
fluid of the user, determining at least one cardiac function of
the user, determining a pulse of the user, determining a blood
pressure of the user, recording an ECG, or recording an EEG.

38. A computer program including computer-executable
instructions for performing the method of claim 20, when the
program is executed on a computer or computer network.

39. A computer-readable data carrier, on which the com-
puter program of claim 38, is stored.
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