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ABSTRACT

Carbon Monoxide (CO) induced by traffic pollution is
highly dynamic and non-linear. In a pilot research, we
collected some fine-grained 1Hz CO pollution data from a
residential road and a busy motorway in Hyderabad, India,
in preparation of the deployment of a larger scale, longer
term wireless sensor monitoring system. Power
conservation is an important issue as the sensor nodes are
battery operated. We studied the characteristics of the
collected data and designed an adaptive sampling
algorithm, Bi-Scale temporal sampler, which adapts the
sampling frequency to the statistics collected in real time.
This design has incorporated practical engineering
considerations including minimising electronic noise,
sensor warm-up time and data characteristics. Results show
that Bi-Scale sampler achieves better energy saving and
statistical deviation ratio for our requirements than burst
sampling and eSENSE sampling strategies, which are
techniques popularly used in environmental monitoring
applications.
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1. MOTIVATION

The impact of pollution is of significant scientific, social
and economic interest to countries across the globe [1]. In
developed countries, in which considerable control is
exercised over emissions, air pollution from traffic
constitutes one of the most significant remaining sources of
exposure for individuals. In countries with rapidly
developing economies, the uncontrolled rise in traffic has
led to a corresponding decrease in air quality for many in
urban environments. In both cases, such pollution has an
effect on both the general quality of the environment and,
in a direct and significant manner, on the health of the
population [1].
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Existing approaches to the monitoring of pollution typically
use networks of few well-spaced high-quality monitoring
stations. However, the dynamics of atmospheric dispersion
are such that even different sides of the same road, or
locations at different heights above ground, can experience
very significantly different levels of pollution. The scarcity
of good models means that it is difficult to estimate bounds
on exposure across an area from single sample points. As a
result, sensor systems that are distributed across an area are
a natural way of obtaining direct measurements of the
underlying spatio-temporal process and, consequently, in
collecting information about the underlying physical
processes, informing the construction of better models.
Wireless sensor networks (WSN) make the acquisition of
such data simpler and also enable the possibility of
providing information (and alarms) in real time.

Whilst the system deployed was an experimental WSN
system used to explore issues in data collection and
analysis, the pollution data were collected for use by
collaborating environmental engineers with an interest in
understanding the dynamics of dispersion in urban canyons
[3][4], as determined by traffic conditions, street structure
and wind conditions. The wireless sensors used in this
study were small bespoke battery-powered devices [7] that
are simple to deploy, discreet, and relatively low cost. This
approach provides an increase in the temporal and spatial
resolution of the data over existing techniques at the cost of
some loss of accuracy for individual readings. The sensors
used were electrochemical CO sensors, chosen because CO
is neither photoreactive nor naturally occurring in
significant quantities.

The data obtained from per-second CO measurements are
highly dynamic, showing changes that can be attributed to
individual vehicles or short timescale variation in traffic
flows. Given this fine grained data, we undertake a post-
hoc analysis to understand the minimum (adaptive)
sampling requirements needed to approximate pollution
averages, and so to produce snapshots of pollution
dispersion. The main motivation for this analysis is to
understand how sensor battery power can most effectively
be conserved in longer term deployments, since the
retrieval of sensors in live environments is problematic.

This area is one of current research interest; however, the
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evaluation of many of the proposed techniques is based
either on a theoretical analysis and/or on simulation that are
founded on assumptions that prove not to be reasonable in
this case, or on measurements from sensors that measure
physical processes that are fundamentally different to that
of pollution (e.g. of temperature). In both cases, the results
of the relevant previous work are not generalizable to this
domain.

The characteristics of the data and the application are
crucial in determining the sampling strategy to be used.
Whilst there is some degree of correlation between traffic
dynamics and daily pollution averages, the nature of the
data is sufficiently different that sampling strategies must
differ. Likewise, for datasets that possess multi-scale
characteristics, such as pollution data, different sampling
strategies are needed for different timescales of interest.
Moreover, there is a need to cater for out of the norm
situations, such as traffic incidents or sports events.

This paper is, consequently, focussed on the practical
development of strategies for sampling in this situation —
which is one in which theoretical analysis is not readily
possible (since good models of the environment or the
process do not exist), nor likely to be particularly more
useful than an engineered approach in view of the
simplifications needed to make it tractable.

This paper is organised as follow: Section 2 includes a
reviews on the existing sampling methodologies. Analysis
on the data collected from an experiment in India is
included in Section 3. In Section 4, we introduce the Bi-
scale adaptive sampling strategies and the performance
metrics used for the evaluation. In Section 5, a
comprehensive analysis on the Bi-scale sampler, with
comparison to other popular sampling techniques is
presented.

2. RELATED WORKS

The ongoing research that forms the basis of this paper is a
collaborative effort between teams in the UK and in India
[5][6][14]. We have collected several sets of pollution data
in both countries using our bespoke carbon monoxide
monitors with high temporal and spatial resolution in
relation to the norm for atmospheric science. Earlier work
focuses on developing and calibrating sensor devices to
collect fine-grained, accurate data for scientific study and
on algorithm development [5]. A bias adjustment technique
was developed with the aim of removing the bias caused by
environmental conditions specific to the electrochemical
sensors used in these experiments [7].

Regular sampling (or equi-frequency sampling) [19],
Monte Carlo [9] sampling and burst sampling are simple
techniques widely used in wireless sensor networks for data
collection. Monte Carlo sampling has the advantage over
regular sampling that regular events happening in anti-
phase to a regular sample, or events happening entirely
within periods, are at least theoretically detectable. Burst
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sampling describes a sampling technique where the sensors
are turned on for a short period only to collect fine-scale
data. It is commonly used where multiple time scales of the
data are of interest.

Adaptive sampling algorithms designed for rare event
detection have interesting objectives: the devices are
scheduled to sample more often when an event is likely to
occur. At times where it is perceived as normal, sampling is
less frequent to conserve energy. Such algorithms include
the exponentially-weighted moving average (EWMA)
based adaptive sampling algorithm proposed in [18] for
volcanic monitoring, and [17] for snow monitoring. These
algorithms apply differences in long term and short term
statistics for event prediction. The sensed parameters
usually do not change much during a normal situation; a
change in value, or the rate of change would indicate the
possibility of an event. This kind of algorithm has some
commonality with our requirements, although the sampling
environment of pollution monitoring is much more
dynamic.

Some algorithms take data characteristics into the
adaptation of sampling rates, based typically on the prior
distributions or prediction models. EDSAS [12] uses
exponential double smoothing and EWMA for future
values prediction. In [19] Cheng et. al. proposed an
interpolation based adaptive sampling algorithm. In [16], a
Kalman filter is used to determine the sampling rate
(regular samples) collectively in a network.

eSENSE is a model-based stochastic sensing algorithm for
wireless sensor networks [13] which uses a data-trained
random walk model to construct the probability
distributions of state change steps ahead to adjust sampling
frequency. The random walk model makes a statistical
inference on the distribution of the steps-ahead prediction
and this is used to calculate the probability of sampling.
eSENSE requires a well-trained model that suits the data
characteristics, and the models must be maintained over
time due to the non-stationary nature of the time series. In
this paper, we will use eSENSE as a comparison algorithm.

Whilst we can learn from many of these techniques,
practical considerations such as warm up time of the
sensors and data characteristics must be considered to
ensure the efficiency of the algorithm in real applications.

3. DATA CHARACTERISTICS

Although in this paper, majority of the data used were
collected in the experiments conducted in India, the
characteristics of traffic-induced pollution are similar in the
experiments we conducted in Cyprus and the UK. Other
than the environmental differences including temperature
and wind conditions between the different locations,
pollution level is dependent on the traffic flows and
volume. The data in this paper are bias-uncorrected [7].

The basic sampling rate for all the data sets is f, = 1s.
Whilst it is possible to sample at a faster rate, 1Hz is
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adequate in capturing temporal dynamics of traffic-induced
pollution and the adjacent data points are highly correlated
with one another.
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Figure 1: Time series of CO during peak-hour 4-5pm on
9/2/2012, at Kukatpally, Hyderabad, India (bias-corrected)

The CO level exhibited rapid increases when vehicles
approached the sensors and decreases as the vehicles
moved away. During traffic congestion, if high emission
vehicles were present near the sensors, the local CO level
accumulates and could be very high for a short period of
time. We measured a maximum of 80ppm in our
experiments. The arrival, emission levels of vehicles, and
duration of the emissions can be considered as random
variables, which are dependent on geographic location,
traffic speed and environmental conditions.

Earlier work, including [10][11], showed that pollutants
were log-normally distributed at all the time scales and an
appropriate averaging time and frequency were proposed.
Some of these results were used as guidelines for deriving
pollution limits and standards. The variation of CO levels
during the day time is much higher than at night time [20],
which is also found in our collected data. Consequently,
more of the sampling budgets must be allocated to day time
statistics to achieve the same confidence level on the
sample mean and to capture the variations in the averaged
time series. While this periodicity of day and night
variation is the norm, our designed algorithm must cater for
the rare exceptions, such as night time events which
increase the traffic levels, accidents and variations of
weather conditions.

The Log-normal distribution is one of the heavy-tailed
distributions. Both the frequency of high readings and their
duration is small compared to low readings. With our high
frequency Indian data, this lognormal distribution is
observed during the day and night time with low to high
traffic flow. The time series appear to have some local
trends and cycles, which are spurious and disappear after
some time. According to [12] this is a typical feature of
long-memory process. The 1Hz time series is a non-linear
1/f process.
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Samples very close to each other in time give us less
information due to the underlying rate of the dispersion
process. The adjacent points of 1Hz data sets are indeed
strongly correlated to each other. Moreover, the dynamics
of the pollution induced by passing vehicles or congestion
can be clearly identified.
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Figure 2: 20 minutes averaged series after bias removal.

The frequency analysis on the data has been reported in
[20]. Periodicities observed can be related to the traffic
flow caused by the sequence of traffic lights. Frequency
analysis was performed on the subsampled 0.2Hz data
series and 1/f noise is observed in addition to the major
frequency component. The dominant frequency component
varies with time of the day dependent on the traffic flow
and is observed most clearly between the hours of 1lam
and 7pm. Note that this frequency characteristic was
particular to the locations of the experiments carried out on
that day.

More details on the experiment and analytic results can be
found in [20]. The high frequency 1Hz data sets are more
than adequate in capturing the traffic dynamic, the mean
estimates will not be deviated much with a slightly lower
frequency data set, say 0.2 Hz.

As opposed to the 1Hz data set, the 1 and 5 minutes
averaged time series in Figure 2 are much smoother and
more predictable than the 1 Hz data with increasing
smoothness with longer averaging time. We expect to
observe pollution cycles at peak-hours if longer
experiments were carried out. In Figure 2, the 20-minute
averages from midnight to 4am did not change much due to
low traffic levels.

Auto and partial correlation results on the 20 minutes
averages strongly suggests an Autoregressive integrated
(AR) model of order 1-2. The AR parameters, however,
varies with the time of the day.

4. BI-SCALE ADAPTIVE SAMPLER

We propose a simple probabilistic sampler based on the
statistical confidences in data and the rate of change of the
statistics for our application. The purpose of the sampler is
to provide the best estimated statistics, while minimising
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the battery power used — and to do so in as simple a manner
as possible to allow for the implementation on simple
sensor nodes.

We utilise the characteristics of different time scales in the
design of the bi-scale adaptive statistical sampling
technique. At a finer scale, we evaluate the mean of the
traffic pollution using a probabilistic approach, with the
aim of gathering sufficient data in a statistical block to
satisfy mean estimation to a defined confidence level. At a
coarser scale, we look at the rate of change of the mean
pollution levels and decide how often we need to take
samples. Hence, it is possible that at the finer scale there
may be a lot of traffic induced variations in the data (high
variance), but if we are confident that the next evaluation
blocks are statistically similar to the last block, we can skip
sampling to preserve energy.

4.1 PROBLEM DEFINITION

We formulate the adaptive sampling problem as an
optimisation problem to minimise the errors on the
obtained expectations, while minimising the total energy
expenditure.

Let x, = {x1, x;, ..... } be the time series of data with basic
sampling rate f, , the requirement is to obtain the
expectations of x; every T statistical evaluation period,
where E(x) = Y7 x:p(x:), p(x,) is the density function of
the data x, . As long as the sample distribution is the same
as the intrinsic distribution p, the expectation can be
approximated by Monte Carlo estimation, E(x) =

1 . S
;Zszl x;. We are seeking to minimise the error on the

expectation e, = (E(x) — %)? and the overall energy
usage, where X is the true mean of the block.

4.2 THE DESIGN

At interval , the calculated expectation is Ep,(x), or X,,.
The time series formed by the averaged mean estimates are
Xm ={X,X,,...}. The sampler needs to estimate the
expected means X,,, with statistical confidence and monitor
the change of stationarity in the statistics.

Electrochemical sensors require a start-up/warm up time 7,
to reach 90% of the full reading, as discussed in [5]. Data
taken before the warm up time are unreliable. The value of
T,, also depends on the amount of time the sensor has been
powered off;, thus, we found that if the sensors in our
experiments have been switched off for 7,7, = 1s, then
Ty = 30s . Consequently, simply reducing sampling
frequency may not lead to power savings. Power consumed
by the sensor module makes up a significant proportion of
the whole unit (~0.09W). Intuitively, it is beneficial to
further partition the evaluation periods into blocks and take
multiple samples during the on-times since the marginal
cost of doing so is low. Whilst the samples are not
independent; the additional data can still improve the
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confidence in the estimate. Moreover, power can only be
conserved if the sensor nodes are put to sleep for more than
30s at a time.

In the light of this, the statistical evaluation period is
divided into fixed length sampling blocks with length B,
where T = nB and 7 is a positive integer, such that we can
calculate the expected mean easily. The actual length of
sampling w in each block can be less than B if the
confidence requirement |[UCL — LCL| < 8 is satisfied, and
B —w > 1,,. The sensor module will then be turned off for
the rest of t,.s; = B — w — 1, seconds. The lower bound
of w to be a third of the sensor warm up time t,,, such that
Y<w<B.

4.3 STATISTICS WITH CONFIDENCE

The statistics (expectations and their confidence levels) are
evaluated per sampling block. For a lognormal distribution
p, the mean of x is defined by, mean (x) =exp (u +

2
%). Hence, the mean of the time series depends not only on

the log-normal location parameter u, but also the variance
parameter of the ¢2.

In [15], Parkin et al. investigated five methods of
calculating confidence intervals (CI) for the mean of a log-
normally distributed variable and concluded that the
method developed by Land [16] was the best at estimating
the lower (LCL) and upper confidence limits (UCL), which
are given by

=

LCL = exp (i +7+ 6CH(n—1))
52

lMLzﬁmﬁ+%+6QJM—D) (2)

where C;, and Cy are factors calculated from a function that
depends on the number of observations n in T, the standard
deviation of the log-transformed values & and the
confidence a-level selected (¢ = 0.1 is used in the paper).
The values of C; and Cy; used in this paper are based on 90
percentile values based on the methods and tables in
[15][16]. In Bi-scale sampling algorithm, Equation (1) and
(2) are used in the calculation of CI of the data where /i and
¢ are estimated from the log of experimental data.

4.4 SAMPLING PROBABILITY

Once the statistic is gathered with confidence, we then
estimate the probability of a state change in the statistics in
the next few block intervals.

(1)

The rate of change in the averaged time series &, is tracked
with Exponentially Weighted Moving Average (EWMA),
which is very simple and requires little memory to
implement in a microcontroller,

Di=ax8+(1—a)*D,_,; 3)

where a is the moving average parameter, and §; = |X; —
X;_1| is the first absolute difference of the data. @ is an
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EWMA parameters and determines how much weight we

give to the latest reading compared to the historical average.

D; captures the average changes and represent how
confidence we are in the next blocks without sampling. D,
is then used to determine the probability of sampling.

The probability of sampling in the k blocks ahead is
calculated by the equation:-

Peske = De/(De + @), 0 S prype <1 @
where q is the state change threshold we wish to detect, or
the resolution of the trend of the pollution data. The
probability of sampling p;,; increases with the moving
average difference D;.

The adaptation of block length B is based on the parameter
D, and is formulated as follow.
q

D, < =,
)

q
D, ==,
t=2

B=B=x*2

©)
B=B/2

The block size is bounded with B,,;;, < B < Bp,4,. When
the averages of adjacent blocks are similar, the block length
can be lengthened to further conserve energy, allowing a
longer sleep period .

The missing blocks are interpolated by sampled and hold
technique because it is simple to be performed in real time
on processing-limited sensor nodes. Linear interpolation
and AR interpolation has also been experimented but do
not give significantly better results. It is noted that more
advance technique for interpolation may be used offline to
further improve the estimates.

4.5 EVALUATION CRITERIA

The performances of the algorithms are evaluated based on
the statistical deviations of the 20-minute sampled averages
and the power saving achieved.

The energy consumption of the sensor board for a time unit
Tonls €5, which is proportional to the current drawn to
power the signal-conditioning circuit and the sensor. The
signal conditioning circuit can be powered on and off
separately from the main controller unit and the energy
requirement can be evaluated independently. The energy
consumption B, for taking q consecutive 1Hz values at
period i is,
Pqi:(’[w'i'Q*Ton)*es:Tqi*es (6)
We aim to minimise )@, over the monitoring period and
satisfy the confidence requirement 5. The energy unit e; is
similar for the sensor nodes, and hence, the on-time Tqi (in
seconds) can be used in the evaluation instead.
The algorithms are evaluated based on these three metrics:

(i) Fraction of sensor on time (f ,,) — the fraction of time
that the sensor module is switched on over the total
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deployment time,
)

where N,,, denotes the number of statistical blocks and N is
the total time in second of the experiment.

(ii) Root Mean Square (RMS) deviation (egys) — At
interval m, the deviation of the sampled block means (X/™)
from the basic rate sampler (X™) is defined as €,,, the

number of blocks at the interval is N, = BL, and €,
m

ZNm (Xi—Xy)?
i=1

m . The overall RMS performance egpys is
m

evaluated over the mean of €, and

®

€rms = mean(€y,)

(iii) Rated-RMS (r-RMS) — In order to compare the
different algorithms, we define rated-RMS (or r-RMS) to
take into account both f,,, and egps. -RMS can be viewed
as the cost of sampling and is defined as:

€
r-RMS = 2= (ppm) ©
r-RMS' indicates the error incurred per sleep unit and
provides a common ground for the performance evaluation
of difference algorithms.

5. RESULTS
5.1 INDIVIDUAL RESULTS

The performance of Bi-scale sampler is compared to
Minimum Sampling, which is defined as burst sampling
with fixed burst length T}, and burst interval M;,, and an
adapted version of eSENSE. In order to achieve energy
saving with the sensor warm up time requirement, eSENSE
adaptation is applied to the time series made up of 30-
second averages, such that the sleeping intervals are at least
30 seconds long. In the evaluation, eSENSE parameter
tolerance level Fy 'is altered to obtained the performance
metrics. In Bi-scale sampler, f is set to 0.5ppm and g is
altered to obtain the difference performance metrics. All
results in this section are obtained from the mean of 20
iterations.

The results of comparison on one of the data sets are shown
in Figure 3 and Figure 4. In Figure 3, €pys naturally
decreases with less sleep time and more samples. The shape
of the curves are quite similar among the three algorithms,
that €pys drops rapidly at low f,,, with just a small increase
of fon; the decrease of €gys slows with further increase of
fon- In Figure 4 the region of f,, with the lowest r-RMS

! Fy is defined such that the miss ratio y < Fy. Please refer to [13] for
detail definition.
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cost is 0.2 < f,, < 0.8. Below 0.2 on time, the loss of
accuracy in the statistics is too high to justify the additional
sleep time and beyond 0.8, the additional energy
requirement outweighs the benefit of the improvement on
statistic quality.
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Figure 3: RMS vs f,,,, data set 11 on 9/2/2012
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Figure 4: rated RMS, data set 11 on 9/2/2012

5.2 COMBINED RESULTS

In this section, we repeat the tests in section 5.1 and
evaluate the three algorithms against the data sets collected
in two separate testbeds in India. Details of the experiments
in Sections 5.3.1 and 5.3.2, including descriptions of the
area, traffic conditions and locations of the sensors can be
found in [7] and [20].

The parameters chosen for Bi-scale sampler are ¢ = 8 =
0.5ppm, 60s < B < 120s; for eSENSE, the parameters
are Fy = 0.5, § = 0.5ppm; and for Minimum Sampling,
T, =300s . These parameters are chosen to give
comparable values of egys and f,,, within the basin region
observed in Figure 4.

5.2.1 CASE STUDY I: HYDERABAD
KUKATPALLY RESIDENTIAL STREET

Data sets I was taken from a narrow residential street in the
Kukatpally area of Hyderabad. The street was busy with
buses and vehicles during peak hours, but the traffic was
considerably less than that at the Hyderabad Centre in case

study II. All the sensor nodes were mounted at 1.5m high.
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Figure 6: Fraction of on-time, Hyderabad Centre data

In Figure 5, it is observed that gy of data set 5 has the
most state changes, that are least captured by Minimum
Sampling. In Figure 6 we found that eSENSE has the best
response to rapid state changes and €gps remains at a
similar level (0.3-0.4ppm) for all the data sets as shown in
Figure 5.
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Figure 7: rated RMS, Hyderabad Centre data
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The advantage of using Minimum Sampling is that f,,
stays nearly the same for all the data sets disregarding the
characteristics of data for energy budgeting. But overall
when taken into account both energy saving and error
performance in the »-RMS results in Figure 7, Bi-scale
sampler out-performs the other two algorithms and is the
most efficient in allocating energy budget and gives the
smallest error per sleep time ratio among the datasets. The
energy saving using Bi-scale sampler for all the data sets is
84-99.2% on the 1Hz data.

5.2.2 CASE STUDY II: HYDERABAD MOTORWAY

The data sets evaluated in this section were taken at the
wide and busy motorway outside Hyderabad Centre with 4-
6 traffic lanes in both directions. The pollution level
measured was the highest in this location amongst all our
experiments carried in the UK, Cyprus and India. The
sensors were mounted at 1.5m and 2.5m high.
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Figure 8: RMS, Kukatpally data

The results in Figure 8, Figure 9 and Figure 10 are
comparable to Case Study I, however, the overall f,, and
€rus are considerably higher for these data sets due to the
high variations in the CO data. The result f,, with
Minimum Sampling remains similar among all the sets.

In terms of the energy-error efficiency measured by »-RMS,
eSENSE has the poorest performance in the highly varying
data sets 6, 10 and 11, and interestingly, even Minimum
sampling out-performs eSENSE with these data sets. This
is a situation when adaptation can make the results worse if
it is not applied correctly, without a good understanding of
the applications and challenges faced. Bi-scale sampler has
the best »-RMS among the three algorithms for all data sets
and he energy saving using Bi-scale sampler is between 30
—96%.
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6. CONCLUSION

Bi-scale adaptive sampling algorithm is an effective energy
saving strategy for gathering good quality statistics in
traffic pollution monitoring, which has data that exhibit
multi-scale characteristics. It is designed based on the
shorter-term  probabilistic nature of traffic-induced
pollution, and longer-term dynamics of the time series. The
performance of Bi-scale sampler was evaluated against
burst sampling and the eSENSE algorithms, with their
abilities to conserve energy and preserve meaningful
statistics. A new parameter rated-RMS, defined as the root
mean square error per sleep unit was introduced for cross
comparison among the algorithms.

~o
.

rated RMS (ppm)
e 2o 2
E= (=] [==] -

=
)
T

4 5 6

(=]

1 2

We evaluated the algorithms with 2 sets of real data
collected in India. For both sets of data, burst sampling is
consistent with the energy usage as it does not take into
account data characteristics and has no mean of adaptation,
which is an advantage for energy budgeting in the system;
eSense performs better in some of the data sets than burst
sampling technique, and maintains a consistent error level
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over most data sets. Curiously in some highly varying data
sets, burst sampling actually out-performs eSENSE in
terms of rated-RMS; indicating that improper adaptation,
where data properties are not fully considered, can make
the results poorer in some situations. In all the data sets, Bi-
scale sampler has the best rated-RMS score, hence the best
energy to error efficiency. This means that Bi-scale sampler
is the best algorithm among the three compared algorithms
at allocating the sampling instances to where they are
needed the most.

Although Bi-scale sampler has been designed based on the
characteristics of pollution data and is particular to our
application, it can be adapted to be used for other data sets
that exhibit multi-scale characteristics. It is a very simple
algorithm that requires no prior model training and the
processing and memory requirements in sensor nodes are
very low. Finally, we truly believe that understanding the
data and the requirements of an application are the keys to
the success of any real deployments.
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