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Optical particle sensor and sensing method

FIELD OF THE INVENTION

This invention relates to optical particle sensors and sensing methods.

BACKGROUND OF THE INVENTION

Particle sensors are for example used to measure the level of pollution in the
air.

Low-cost systems are available based on the measurement of light scattered at
the particles which pass along with an air flow through a detection volume in the sensor. This
air flow is for example driven by a fan or a heater. Each particle is illuminated by a
continuous light source and creates a light pulse with a duration determined by the passage
time of the particle through the detection volume.

These pulses are amplified, filtered and counted in an electronics system. In
addition to indicating the particle concentration level, such detectors can be used to drive the
operation of an air purifier device.

Optical particle sensors typically give a particle count as the sensor output, and
these numbers are then converted to mass concentration. However, this conversion usually
deviates from reality, as different types of acrosol have different densities. This is a generic
problem for all optical particle sensors.

Moreover, low cost optical sensors, are typically only sensitive for particles
above a certain particle size (for example 700 nm). The so-called PM2.5 standard however
needs to provide the mass of all particles below a size of 2.5 um. In practice, particles below
700 nm do contribute to this mass, however they are not detected by the sensor. Therefore,
the conversion of the number of particles counted by the detector to the total particle mass
will be affected by the relative contribution of these small particles to the overall PM2.5
level. This contribution depends on the distribution of particle sizes in the air, which in turn

depends on the type of pollution event.
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SUMMARY OF THE INVENTION

There is therefore a need for a particle sensor which can use a low cost optical
sensor but which can deliver accurate readings of the total particle mass below a particular
particle size (e.g. 2.5 pm). The invention is defined by the independent claims. The
dependent claims define advantageous embodiments.

According to examples in accordance with an aspect of the invention, there is
provided an optical particle sensor, comprising:

an optical sensor which generates a sensor signal, wherein the sensor signal or
an analysis of the sensor signal is controllable by applying a threshold setting, wherein the
threshold setting dictates a particle size detection range captured by the sensor signal;

a controller adapted to:

apply at least first and second different threshold settings and receive
corresponding first and second optical sensor readings;

process the first and second optical sensor readings to determine therefrom a
parameter which is dependent on a type of pollution event; and

use the parameter to determine from at least one of the first and second optical
sensor readings a mass of all particles below a first particle size.

By obtaining optical sensor readings at least at two different threshold settings
(either as separate sensed signals, or as readings derived by processing a single sensed
signal), the sensor response to at least two different particle size ranges is obtained. The
different optical sensor readings may then be processed to determine the nature of a pollution
event as characterized by a particular parameter. For example, different pollution events have
different characteristic particle size profiles, which result in different pairs of sensor signals.
By way of example, the pollution events (various events that generates acrosols that are
perceived as pollution) may be cooking with different types of ingredients at different
temperatures, cigarette smoke, urban air pollution, burning candles, etc. The known
characteristic particle size profiles for the different types of pollution event enable one or
both of the optical sensor readings to be rescaled or otherwise processed so that an accurate
mass conversion from optical sensor readings of all particles up to the first particle size may
be obtained. This particle range includes particles below the lower detection limit of the
optical sensor, for which the particle distribution cannot be measured. This may for example
be calculated for a PM2.5 mass concentration value such as pug/m’.

By taking account of the type of pollution event, a more accurate evaluation is

possible of the contribution of the overall particle mass from small particles outside the
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measurement range of the optical sensor. An accurate mass concentration is thus determined
based on a dynamic (i.e. multi-level over time) calibration/correction scheme used in
converting from particle count information to mass distribution information.

There are at least two different types of pollution event, and hence at least two
different parameters which can be obtained. There preferably more different pollution
events, for example 5 or more.

In one set of examples, the sensor has an input for receiving the threshold
setting. The controller then adapts the signal applied to the threshold setting input in order to
cause different sensor readings. In another set of examples, a wideband signal is received
from the sensor and the application of thresholds is applied at the signal processing level
rather than at the sensor level.

The invention thus aims to derive from the signals of the optical detector a
parameter which is indicative of the shape of the particle size distribution. This parameter
thus depends on the type of pollution event, namely it distinguishes between events with a
dominant contribution of larger particles (such as from cooking or candle extinguishing
events), and those with a dominant contribution of small particles (such as from outdoor
pollution or cigarette smoke). That event characterization can be used to select a calibration
factor for conversion to a full mass measurement, such as PM2.5.

The optical sensor is for example only sensitive to particles above a second
particle size, below the first particle size. The sensor enables the gap in the sensitivity of the
optical sensor for the smallest particles to be compensated.

The optical sensor may provide a measure of counts per unit time and
optionally also a measure of low pulse occupancy percentage after digitization of the analog
signal by a comparator. Low cost optical sensors are able to provide count and/or low pulse
occupancy rates (LPO%). The invention can thus be implemented by a low cost optical
sensor, for example based on the time during which a particle is seen by the optical sensor.
Larger particles are seen by the sensor for longer hence give a larger signal both in amplitude
(since the optical sensor integrates the detected signal) and also on the time axis. A threshold
may be applied to the signal amplitude, and only particles above a certain size reach the
threshold. A count of the pulses which reach the threshold enables a particle count to be
measured. The LPO measure is based on the proportion of the time during which particles
meeting the threshold are detected. Thus, a single low cost sensor can produce both LPO and

particle count information.
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The controller may be adapted to process the first and second optical sensor
readings by:

combining a particle count per unit time for the first threshold setting and a
low pulse occupancy rate for the second threshold setting; or

combining a particle count per unit time for the first threshold setting and a
particle count per unit time for the second threshold setting.

This provides two different ways to characterize the type of event. The
combining for example comprises finding a ratio between the two values.

The first threshold setting may be for detecting a wider range of particle sizes
than the second threshold setting. The first threshold setting for example is a lower threshold,
so that the range of detected particles includes smaller particles than the range of detected
particles for the second threshold setting.

The controller may be adapted to modify one of the first and second optical
sensor readings based on the parameter to derive the sensed mass of all particles below the
first particle size.

The modification may be based on a previously stored relationship between
the parameter and a modification factor. The sensor preferably has a memory for storing such
a relationship. The modification factor may be stored as a set of individual values each
associated with a different event, such as a look up table. Alternatively, the mapping between
the parameter and the modification factor may be a function. In the latter case, the type of
pollution event does not need to be identified as such. Instead, the conversion from the
parameter (which characterizes the event) to the modification factor takes account of the type
of event without needing to identify the event specifically.

The sensor may comprise a display for displaying information conveying the
mass of all particles below the first particle size, wherein the controller is adapted to generate
a first mass signal and a second, moving average, mass signal, wherein the first mass signal is
a real time sensor signal or a moving average signal averaged over a shorter duration than the
second mass signal, and the processor is adapted to provide an output for display comprising
one of the first and second mass signals. For slowly varying data, a moving point average
signal provides a more accurate reading, whereas for rapidly varying data, a real time signal
(i.e. with a shortest possible averaging window) or a signal with a shorter averaging window
than the second signal, gives more information about the actual time at which an event takes

place, such as a pollution spike.
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The controller may be adapted to select one of the real time mass signal and
the moving point average mass signal in dependence on the difference between them. This
difference enables the sensor to determine if real time information is more important or if
average information, which is more accurate but less time specific, is more important.

Examples in accordance with another aspect of the invention provide an
optical particle sensing method, comprising:

operating an optical sensor to generate a sensor signal, and controlling the
sensor or analyzing the generated sensor signal by applying at least first and second threshold
settings to obtain first and second sensor readings, wherein the threshold setting dictates a
particle size detection range captured by the sensor signal;

processing the first and second optical sensor readings to determine therefrom
a parameter which depends on a type of pollution event; and

using the parameter to determine from at least one of the first and second
optical sensor readings a mass of all particles below a first particle size.

The method may comprise:

processing the first and second optical sensor readings by combining a particle
count per unit time for the first threshold setting and a low pulse occupancy rate for the
second threshold setting; or

processing the first and second optical sensor readings by combining a particle
count per unit time for the first threshold setting and a particle count per unit time for the
second threshold setting.

The method may include displaying information conveying the mass of all
particles below the first particle size, wherein the method further comprises generating a first
mass signal and a second, moving average, mass signal, and displaying one of the first and

second mass signals.

BRIEF DESCRIPTION OF THE DRAWINGS

Examples of the invention will now be described in detail with reference to the
accompanying drawings, in which:

Fig. 1 shows an example of an optical sensor to which the invention may be
applied;

Fig. 2 shows the result of monitoring various dinner events in a home;

Fig. 3 shows similar results to Fig. 2 for breakfast events;

Fig. 4 shows similar results to Fig. 2 for an evening event;
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Fig. 5 shows similar results to Fig. 2 for a candle extinguishing event;

Fig. 6 shows various possible relationships between the professional mass
concentration readings and low cost sensor readings;

Fig. 7 shows different events on a plot of a calibration factor versus a ratio
between the counts at a first threshold and the LPO% at a second threshold;

Fig. 8 shows the same experimental results as Fig. 7 with a function line which
is the result of the modeling of the transfer functions of the low cost sensor and the
professional sensor;

Fig. 9 shows a relationship between the ratio of counts/s at first and second
thresholds and the ratio of counts/s at a first threshold and LPO% at a second threshold;

Fig. 10 shows a first regression analysis of the sensor data compared to a
reference instrument for data averaged over 1 minute;

Fig. 11 shows a second regression analysis of the sensor data compared to a
reference instrument for data averaged over 10 minutes;

Fig. 12 shows a third regression analysis of the sensor data compared to a
reference instrument for data averaged over 1 hour;

Fig. 13 is a first graph to show the effect of applying moving data averaging
on the represented sensor value, for PM2.5 measurements;

Fig. 14 is a second graph to show the effect of applying moving data averaging
on the represented sensor value, for PM2.5 measurements;

Fig. 15 shows a method of selecting the data to be displayed;

Fig. 16 shows three different output data streams, each in counts/s; and

Fig. 17 is a flow chart for showing the general particle sensing method of the

invention.

DETAILED DESCRIPTION OF EMBODIMENTS

The invention provides an optical particle sensor in which at least first and
second threshold settings are applied to an optical sensor or sensor signal to obtain first and
second optical sensor readings. They are processed to determine a parameter which is
dependent on the type of pollution event. The parameter is used to determine from at least
one of the first and second optical sensor readings a mass of all particles below a first particle
size. In this way the mass of all particles below a desired size can be evaluated, even though

the optical sensor may not be responsive to the smallest particles.
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Fig. 1 shows an example of an optical sensor to which the invention may be
applied. There is a gas flow 10 from an inlet 11 to an outlet 12 of the overall sensor device.
An infrared LED 14 (A = 890 nm) is used to illuminate the gas flow to enable optical
detection of entrained particles based on optical measurements of scattering. The LED is to
one side of the detection volume and the sensing is carried out at the opposite side. An
alternative design may make use of reflection of light.

The optical sensor 16 comprises a photodiode sensor 18 and a focusing lens 20
at which scattered light is collected.

A heater 22 is used for inducing convective flow through the sensor device.
By the resulting buoyancy, the air flows towards the top of the detector, carrying the particles
through the detection volume.

A controller 24 controls the processing of the sensor signals and operation of
the heater and light source.

The detection volume is part of a housing which is placed on a printed circuit
board with the electronics to convert the signal due to the particles into a count. The internal
shape of the housing is such that leakage of LED light directly towards the photodiode
sensor, which would give a background signal, is minimal. By electronically filtering out any
remaining DC signal, the pulsed particle signal remains.

This signal is amplified and compared with a threshold voltage. Above a
certain particle size, the peak height is sufficient to pass the threshold. The threshold thus
implements a band pass filtering function. The pulse is counted and the pulse length is
measured, resulting in a low-pulse occupancy time (LPO%).

Thus, there are two basic outputs. One is a simple particle count, which is a
count of the number of detection peaks which exceed the threshold set. The other is the
proportion of the time that there is detection above the threshold. Thus, for a particular
threshold level, if the total time for which a signal is at or above the threshold is 700 ms
within a 1 s window, then the low-pulse occupancy time is 70%. The low pulse occupancy
measure enables a simple binary coding of the sensor output over time; for example a binary
zero output if the detected signal is above the threshold, and a binary 1 if the detected signal
is below the threshold. The summed time durations of the digital zero periods correspond to
the low pulse occupancy time. The combined time of the digital zero periods (per fixed unit
of time) is then proportional to the analogue output signal.

In this type of sensor, the amplitude of the analog signal is proportional to the

particle size, whether using particle counting or low pulse occupancy measurement. The
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threshold is implemented as a threshold voltage applied to a comparator which controls the
particle size sensitivity of the sensor system.

Larger particles scatters a larger amount light, hence generate a larger signal
amplitude at the photodetector. This analog signal (after appropriate filtering and
amplification stages) is provided to the comparator.

The threshold voltage provided to the comparator sets the boundary limit for
this analog signal. For example, a 1V threshold means that all signals above 1V will be
registered as a detection signal, hence corresponding to all particle sizes that generate an
analog signal above 1V. Likewise, a 2V threshold raises the boundary for allowing only
larger sized particles to generate an output.

For simplicity a 1V threshold voltage may correspond to signals generated for
particles of 1um diameter and above, whereas as 2V threshold may correspond to particles of
2um diameter and above. In order to generate particle count information for a specific
particle size range (also known as a ‘size bin’), for a particle size range between 1um and
2um, the number of signals generated at these threshold voltages are subtracted.

More than two threshold voltages may be used for converting the analog
signal to a digitized binary output.

The sensor described above basically comprises:

a housing having an inlet and an outlet with a gas flow between them;

a light source and an optical detector for making optical scattering
measurements within a detection volume, wherein the detector signal is correlated with (and
for example proportional to) particle size; and

a signal processor comparing the detector signal with an adjustable threshold.

The implementation of the comparison part of the signal processing may be
implemented simply with a comparator with an adjustable reference voltage input.

In its simplest implementation, the invention involves measuring the detector
signal at a low threshold voltage (the first threshold setting) so that as many particle sizes as
possible are detected. The detector signal is also measured using a larger threshold voltage
(the second threshold setting), so that only the larger particles are measured. By comparing
these signals (e.g. determining the ratio of the two signals) a measure for the contribution of
larger particles to the total particle mass is obtained. This provides information on the shape
of the particle size distribution, and therefore on the type of event.

This knowledge of the type of event can then be used to estimate the

conversion of the first signal to a value of PM2.5 (or other PM value, such as PM5 or PM10).
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This conversion then implements an estimation of the particle size distribution below the
lower limit of sensitivity of the sensor, but without requiring measurement at those low
particle sizes.

The inventors have determined that particle size distributions can differ
markedly between outdoor and indoor conditions. Furthermore, for indoor conditions, the
particle size distribution is largely dependent on the type of event taking place in the room.

Some results demonstrating this are given below. The results were obtained by
measuring particle distributions using a professional detection system as a reference which is
able to provide accurate absolute PM2.5 values.

The low cost optical sensor of Fig. 1 is however primarily sensitive for a more
limited range of particle sizes (typically between about 700 and 3000 nm), which range also
depends on the threshold voltage setting as explained above. For example, for cigarette
smoke much of the PM2.5 mass consists of particles with a size below 700 nm.

Therefore, a ratio between the actual PM2.5 value and the signals from the
sensor of Fig. 1 are dependent on the type of event.

Fig. 2 shows the result of monitoring various types of indoor event in a home.
Measurements were done with various sensors of the type shown in Fig. 1 and with a
professional reference detector.

In Fig. 2, the PM1, PM2.5 and PM10 results are given for dinner events on
four different days.

The x-axis plots the time, and the y-axis plots the particle density in pg/m’.
The vertical lines show the times between which the main pollution (e.g. dinner cooking) was
taking place. The average values within these event windows are used for further analysis.

In Fig. 3, similar results are given for two breakfast events.

Finally, an evening event is shown in Fig. 4 which involves monitoring a full
evening, and a candle extinguishing event is shown in Fig. 5.

For the dinner events of Fig. 2, the PM10 values are much larger than the PM1
values, indicating that there is a considerable contribution of large size particle present in the
air during this type of event. For the breakfast events of Fig. 3, the PM1, PM2.5 and PM10
values are much closer together, indicating that the contribution of small particles is
dominant during these events. This was also the case for the monitoring of the full 9.00pm to
midnight evening in Fig. 4.

For the candle event in Fig. 5, there is a relatively large contribution of

particles of a few pm size.
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The event windows as indicated above are used to take average values of the
professional detector readings and also the low cost optical sensor readings.

Various possible relationships between the professional mass concentration
readings and the low cost sensor readings can be analyzed. Figs. 6 to 9 show various plots to
show the relationship between different parameters. In each case, the symbol 60 is for the
dinner event, the symbol 62 is for the candle event, the symbol 64 is for the long evening
event and the symbol 66 is for the breakfast event.

Fig. 6(a) shows the different events on a plot in which:

the y axis is a calibration factor b (which is the ratio of professional PM2.5
mass measurement in pg/m’ and counts/s reading of the low cost sensor) at a first (¢.g. 0.6 V)
threshold setting;

the x-axis is the fraction of the PM2.5 mass of particles between 1 um and 2.5
um size, as measured by the professional reference instrument.

The significance of the calibration parameter b is that, if it can be determined,
it provides a conversion from the low cost sensor reading (at the first threshold) to the desired
actual PM2.5 value.

Fig. 6(b) shows the different events on a plot in which:

the y-axis shows the ratio between the counts at the first threshold (0.6 V) and
the second threshold (1.0 V) for the low cost sensor;

the x-axis is the fraction of the PM2.5 mass of particles between 1 um and 2.5
um size, as measured by the professional reference instrument.

Fig. 6(c) shows the different events on a plot in which:

the y-axis shows the ratio between the counts at the first threshold (0.6 V) and
the LPO% at the second threshold (1.0 V).

the x-axis is the fraction of the PM2.5 mass of particles between 1 um and 2.5
um size, as measured by the professional reference instrument.

Fig. 6(a) shows that particularly the breakfast events which have a large
contribution of small particles show larger b values compared with the dinner events. This
can be understood from the relatively low presence of particle sizes between 1 and 2.5 pm for
which the low cost sensor is sensitive, leading to a reduced sensitivity and therefore larger
value of b.

This effect is even stronger if the results at 1.0V threshold setting are used
used, as in Fig. 6(b). The ratio of measured counts/s at 0.6 V and counts/s at 1.0 V is plotted

as a function of the relative mass of particles between 1.0 and 2.5 pm. This ratio is very
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different between the dinner and the breakfast events. This is consistent with the fact that at
1.0V the low cost sensor excludes more of the small particles than at 0.6V.

In Fig. 6(c) the ratio of the counts/s at 0.6 V and the LPO% value at 1.0 V is
used to form a parameter. The difference between the dinner and breakfast events is even still
stronger than for the counts at 1.0 V.

These results suggest that the ratio of the measured counts/s (0.6 V) to the
LPO% (1.0 V) may be used as a parameter of interest, and thus a fingerprint for the type of
event. The mapping works for events with dominantly small particles, or events with
dominantly large particles.

Fig. 7 shows the different events on a plot in which:

the y axis is the calibration factor b (which is the ratio of professional PM2.5
mass measurement in pg/m’ and counts/s reading of the low cost sensor) at a first (¢.g. 0.6 V)
threshold setting;

the x-axis shows the ratio between the counts at the first threshold (0.6V) and
the LPO% at the second threshold (1.0 V).

Fig. 7 shows that there is a function (e.g. the best fit line shown in Fig. 7)
which maps between the two combined low cost sensor readings (at the two thresholds) and
the desired calibration value b.

Using the example of Fig. 7, the ratio between the counts at the first threshold
(0.6 V) and the LPO% at the second threshold (1.0 V) may be defined as a "parameter”. This
parameter is dependent on the type of pollution event, since as shown, different events give
rise to different values along the x-axis. The parameter can then be used to determine a mass
of all particles below a first particle size. This is carried out by converting the parameter to
the calibration value b (using the best fit line in Fig. 7), and the calibration value b then maps
the low cost sensor reading at the lower threshold to the desired PM value. Thus, the
calibration value b can be used to modify the first optical sensor reading to derive the sensed
mass of all particles below the first particle size (e.g. 2.5 um).

In this example, the particle count per unit time for the first threshold setting is
combined with a low pulse occupancy rate for the second threshold setting.

However, other parameters are also possible which can be mapped to the
calibration value b, such as by combining a particle count per unit time for the first threshold
setting and a particle count per unit time for the second threshold setting. This also provides a

possible mapping as can be seen from Fig. 6(b).
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The knowledge of the type of event (as embodied by the selected parameter) is
then used to derive the absolute value of b for converting the counts/s data at the first
threshold setting into total mass concentration data.

The invention can essentially be implemented by operating suitable software
either at the controller 24 of the sensor device, or partly at the sensor device (e.g. to control
the application of different thresholds) and partly remotely (e.g. processing the sensor data)
or else entirely remotely if the thresholds can be applied only as data processing of raw data.

The approach of the invention has been tested by deriving a transfer function
model for the professional detector and for the low cost optical sensor, and then processing
different theoretical particle mass distributions.

Fig. 8 shows the same experimental results as Fig. 7. It also shows a line
which is the result of the modeling of the transfer functions of the low cost sensor and the
professional sensor. Thus, the function used to map from the measured parameter (in this
case the ratio of counts/s at the first threshold to the LPO% at the second threshold) to the
calibration value b may not be a best fit line, but may be a non-linear function.

In conclusion, in one example, the type of pollution can be found from a
parameter which is the measured ratio of count/s at 0.6 V and LPO% at 1.0 V. Using the
relationship of Fig. 8, the corresponding calibration factor b for this event can then be
determined.

Alternatively, a parameter which is a measured ratio of counts/s at 0.6V and
counts/s at 1.0 V can also be used to derive the type of event.

As shown in Fig. 9, based on the same transfer function modeling as used in
Fig. 8, there is a relationship between (i) the ratio of counts/s at the first and second
thresholds and (ii) the ratio of counts/s at the first threshold and LPO% at the second
threshold. The solid line is the relationship derived from modeling (it is not a straight line)
and the experimental results show a good fit.

Thus, based on only counts/s measurements, a corresponding ratio for counts/s
at 0.6 V and LPO% at 1.0 V can be derived using the relationship of Fig. 9. Then, Fig. 8 can
be used to determine the corresponding calibration factor b for this event.

Of course, in practice all calculations are in software so there is no need to
map from the relationship of Fig. 9 to Fig. 8. There can instead be a direct function between
the counts/s ratio and the calibration value b.

It is also possible to use counts/s or LPO% values measured at threshold

voltages at third or further thresholds (e.g. larger than 1.0 V). Additional measurements may
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give an even more sensitive measure for the type of event, however these measurements may
be more affected by the influence of noise (e.g. shot noise due to the lower particle number
counts at these larger threshold voltages).

The measurement at two or more different threshold settings may be
simultaneous at two or more different detection ports of the sensor, or at sequential times at
the same port.

The threshold may also be applied in software after a capture of all relevant
sensor information, for example a sensor signal based on a sweep of threshold values.

The invention is of interest for particle concentration detectors such as forming
part of air purifier systems for indoors, by optical light scattering. However, as well as
measurements of particles in air (or other gases), similar approaches can be adopted for
particle sensors in fluids.

Another aspect of this invention relates to the selection of information to be
displayed to the user of the sensor device. Advanced user interfaces for communicating the
readings of these sensors can be an integral part of an appliance or else the appliance may
send data to a remote device for display such as a mobile phone or tablet, via a designated
application.

A number of application designs are available for various platforms for
communicating with sensors, and displaying the sensor readings to the user, and also
displaying other relevant data from other sources. An example of such an application that
contains local information and other relevant information is the user interface of a Philips®
Air Purifier. The application shows the local air quality index measured by the sensors on the
appliance, as well as the outdoor air quality index acquired from publicly available sources.
This is a typical example of a data rich user interface.

A particle sensor typically requires a stabilization time during start-up or
during the periods when the concentration changes dramatically. During this period sensor
readings are not as steady as they are in stable conditions.

An example of this problem is shown in Figs. 10 to 12, which show the
accuracy of the same sensor unit, for predicting the actual concentration in the same
environment for 1 minute, 10 minute and 1 hour sampling times, respectively.

Each of Figs. 10 to 12 shows a regression analysis of the sensor data compared
to a reference instrument. Each plot is of actual concentration versus sensor signal (in

arbitrary units). The dashed lines 100 show the 90% prediction interval. The success rate of
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the linear relationship between the sensor and the reference instrument is 59.9% for the 1
minute data, 79.1% for the 10 minute data and 93.6% for the 1 hour data.

As can be seen from Figs. 10 to 12, the success rate of the sensor increases
dramatically for longer averaging times. The same applies to different types of sensors,
which may benefit from longer integration times, as well as longer data averaging periods.

Figs. 13 and 14 shows the effect of applying moving data averaging on the
represented sensor value, for PM2.5 measurements. Three plots are shown, for averaging
windows of 1 minute, 10 minutes and 1 hour. The y-axis shows the PM2.5 value as displayed
and the x-axis shows the time.

In Fig. 13, there is a large detection event at 20:30. The longer the averaging
time window, the longer it takes to reach the peak value and the peak value is suppressed.

In Fig. 14, there is a sequence of smaller detection events. The minor peaks
will be lost in the sensor readings as a result of long term (e.g. hourly) moving averaging of
the sensor data.

If the data is represented with long averaging time (i.e. integrating time or
sampling time) the data is more accurate for static conditions. However, this will result in
misleading communication to users during sudden concentration changes when there is a
stimulus for sensor response, as the displayed data shows the effect of the event only at the
end of the averaging time, which may be already long after the event has occurred. For
example, in the case of a particle sensor, using hourly averaging has the benefit of providing
data at higher reliability, as demonstrated in Figs. 10 to 12 but the visibility and the level of
short term events that generate a peak in concentration will be significantly affected by the
long term data averaging, as shown in Figs. 13 and 14. The averaging can also lead to
complete loss of some minor peaks in the sensor readings, as shown in Fig. 14.

These mismatches have a negative influence on the user perception and
sometimes can be even misleading for consumers as they may perceive them as an error in
the sensor readings.

The sensor typically implements storage, averaging, and filtering of the mass
data obtained. The processed data is either displayed by the sensor device or it may be sent to
a remote user interface and/or to an external data storage facility, by a wired or wireless link.

When the sensor information is displayed to a user (either at the sensor or
remotely), the data averaging behavior is, in accordance with this additional feature of the

invention, controlled to optimize the user experience.
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In particular, a first mass signal and a second moving average mass signal are
prepared, and an output is provided for display which comprises one of the first and second
mass signals. The first mass signal may be the most immediate output that the sensor can
provide - but this may still involve integration over a time period, for example 10s. Thus, it
may be as real time as the sensor is able to produce.

The first mass signal is stored at least for the duration of the longest averaging
time to be employed. The memory also stores the required data processing, filtering and
averaging algorithms/codes, etc.

Fig. 15 shows a method of selecting the data to be displayed, based on a
simplified approach of having only two choices of data.

The real time data is obtained in step 150 and is stored in step 152.

One or more moving point averages are taken in step 154. Only one moving
point average is needed if the raw data is the other data choice. If two averages are taken,
they have different averaging windows and they then provide the two data choices.

In step 156 it is determined if the moving average with a shorter averaging
window (i.e. the real time data or the moving average data with the shorter window) is
significantly different to the data with the longer averaging time. If the shorter averaged data
is different, this means there are local peaks which have been averaged out in the longer
averaged data. Then, the shorter averaged data is displayed in step 158 and the process ends
in step 160. If the data is close, the longer averaged data is displayed in step 162 and the
process ends in step 164. In this way, the peak detection quality is linked to the display
function. If the level of the real time data significantly differs from the averaged value, then it
indicates the presence of a positive or a negative peak in the measured variable.

This process can be extended to more than two data choices.

Fig. 16 shows three different output data streams, each in counts/s. The raw
data is plot 170 (but this has an averaging time of e.g. 10 s), plot 172 is data averaged over a
short window (n = 6 samples, i.e. 1 minute) and plot 174 is data averaged over a longer
window (n = 60 samples, i.e. 10 minutes).

The plot 176 is a comparison result. It is 1 if the difference between the two
moving averages exceeds a threshold of 0.4 counts/s and is 0 if the difference of the moving
averages less than threshold of 0.4 counts/s.

Because the two signals being compared are both averaged (over different

times), there should not be spikes in the comparison result. Even if there are some short
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duration changes in display mode, these will not be unpleasant for the user if there is
continuity between the display modes.

The plot 178 is a comparison result with a higher threshold of 0.8 counts/s.

The comparison result then controls the information to be displayed. During
the time when the comparison is 1, the plot 172 (or even 170) is presented to the user,
whereas during the time when the comparison is 0, plot 174 is presented to the user.

Generally, the display distinguishes between steady data, when more accurate
longer averaged data is displayed, and moving data, when less accurate but more responsive
data is displayed.

There are other display options. For example, when there is moving data, a
blinking or fading or different color output can be used to provide a warning that a detection
event is taking place. The moving data and steady data may both be represented on the
display at the same time to provide additional information.

Fig. 17 is a flow chart for showing the general particle sensing method of the
invention.

In step 180, an optical sensor is operated to generate a sensor signal.

First and second threshold settings are applied either during sensing or during
subsequent data processing, in order to obtain first and second sensor readings. As explained
above, the threshold setting dictates a particle size detection range captured by the sensor
signal.

In step 182 the first and second optical sensor readings are processed to
determine therefrom a parameter which depends on the type of pollution event.

In step 184 the parameter is used to determining from at least one of the first
and second optical sensor readings a mass of all particles below a first particle size.

As discussed above, embodiments make use of a controller to implement the processing of
the sensor information. The controller can be implemented in numerous ways, with software
and/or hardware, to perform the various functions required. A processor is one example of a
controller which employs one or more microprocessors that may be programmed using
software (e.g., microcode) to perform the required functions. A controller may however be
implemented with or without employing a processor, and also may be implemented as a
combination of dedicated hardware to perform some functions and a processor (e.g., one or

more programmed microprocessors and associated circuitry) to perform other functions.
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Examples of controller components that may be employed in various embodiments of the
present disclosure include, but are not limited to, conventional microprocessors, application
specific integrated circuits (ASICs), and field-programmable gate arrays (FPGAs).

In various implementations, a processor or controller may be associated with one or more
storage media such as volatile and non-volatile computer memory such as RAM, PROM,
EPROM, and EEPROM. The storage media may be encoded with one or more programs that,
when executed on one or more processors and/or controllers, perform at the required
functions. Various storage media may be fixed within a processor or controller or may be
transportable, such that the one or more programs stored thereon can be loaded into a
processor or controller.

Other variations to the disclosed embodiments can be understood and effected
by those skilled in the art in practicing the claimed invention, from a study of the drawings,
the disclosure, and the appended claims. In the claims, the word "comprising" does not
exclude other elements or steps, and the indefinite article "a" or "an" does not exclude a
plurality. The mere fact that certain measures are recited in mutually different dependent
claims does not indicate that a combination of these measured cannot be used to advantage.

Any reference signs in the claims should not be construed as limiting the scope.
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CLAIMS:

1. An optical particle sensor, comprising:

an optical sensor (16) which generates a sensor signal, wherein the sensor
signal or an analysis of the sensor signal is controllable by applying a threshold setting,
wherein the threshold setting dictates a particle size detection range captured by the sensor
signal; and

a controller (24) adapted to:

apply at least first and second different threshold settings and receive
corresponding first and second optical sensor readings;

process the first and second optical sensor readings to determine therefrom a
parameter which is dependent on a type of pollution event; and

use the parameter to determine from at least one of the first and second optical

sensor readings a mass of all particles below a first particle size.

2. A sensor as claimed in claim 1, wherein the optical sensor (16) is only

sensitive to particles above a second particle size, below the first particle size.

3. A sensor as claimed in claim 1 or 2, wherein the optical sensor (16) provides a
measure of counts per unit time and optionally also a measure of low pulse occupancy

percentage after digitization of the analog signal by a comparator.

4. A sensor as claimed in claim 3, wherein the controller (24) is adapted to
process the first and second optical sensor readings by:

combining a particle count per unit time for the first threshold setting and a
low pulse occupancy rate for the second threshold setting; or

combining a particle count per unit time for the first threshold setting and a

particle count per unit time for the second threshold setting.

5. A sensor as claimed in any preceding claim, wherein the first threshold setting

is for detecting a wider range of particle sizes than the second threshold setting.
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6. A sensor as claimed in any preceding claim, wherein the controller (24) is
adapted to modify one of the first and second optical sensor readings based on the parameter

to derive the sensed mass of all particles below the first particle size.

7. A sensor as claimed in any preceding claim, comprising a display for
displaying information conveying the mass of all particles below the first particle size,
wherein the controller is adapted to generate a first mass signal and a second, moving
average, mass signal, wherein the first mass signal is a real time sensor signal or a moving
average signal averaged over a shorter duration than the second mass signal, and the
processor is adapted to provide an output for display comprising one of the first and second

mass signals.

8. A sensor as claimed in claim 7, wherein the controller is adapted to select one

of the first and second mass signals in dependence on the difference between them.

9. An optical particle sensing method, comprising:
operating (180) an optical sensor to generate a sensor signal,
controlling the sensor or analyzing the generated sensor signal by applying at least first and
second different threshold settings to obtain first and second sensor readings, wherein the
threshold setting dictates a particle size detection range captured by the sensor signal;
processing (182) the first and second optical sensor readings to determine
therefrom a parameter which depends on a type of pollution event; and
using the parameter to determine (184) from at least one of the first and

second optical sensor readings a mass of all particles below a first particle size.

10. A method as claimed in claim 9, comprising:

processing the first and second optical sensor readings by combining a particle
count per unit time for the first threshold setting and a low pulse occupancy rate for the
second threshold setting; or

processing the first and second optical sensor readings by combining a particle
count per unit time for the first threshold setting and a particle count per unit time for the

second threshold setting.
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11. A method as claimed in claim 9 or 10, wherein the first threshold setting is for

detecting a wider range of particle sizes than the second threshold setting.

12. A method as claimed in any one of claims 9 to 11, comprising modifying one
of the first and second optical sensor readings based on the parameter and thereby deriving

the mass of all particles below the first particle size.

13. A method as claimed in any one of claims 9 to 12, comprising displaying
information conveying the mass of all particles below the first particle size, wherein the
method further comprises generating a first mass signal and a second, moving average, mass
signal, wherein the first mass signal is a real time sensor signal or a moving average signal
averaged over a shorter duration than the second mass signal, and displaying one of the real

time mass signal and the moving point averaged signal.

14. A method as claimed in any one of claims 9 to 13, wherein the first and second
optical sensor readings are taken sequentially at the same sensor location or simultaneously at

different sensor locations.

15. A computer program comprising computer code means which is adapted,

when run on a computer, to implement the method of any one of claims 9 to 14.
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