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We  present  an  active  sensing  method  for quantitative  analysis  of  gas  mixtures  using  metal-oxide  (MOX)
chemical  sensors.  The  method  allows  a  MOX  sensor  to  adapt  its  operating  temperature  in  real  time  so
as  to sequentially  reduce  uncertainty  in  the concentration  estimates.  We  formulate  the  problem  as  one
of  probabilistic  state  estimation  coupled  with  a myopic  optimization  algorithm.  At each  iteration,  the
algorithm  estimates  the  expected  reduction  in  entropy  for each  sensing  action  (i.e.,  operating  temper-
ature)  and selects  the  best  such  temperature.  We  first  evaluated  the proposed  method  on  a  simulated
ctive sensing
etal-oxide sensors
ulticomponent analysis
aussian mixture models

binary  mixture  problem  using  a computational  model  of  MOX  sensors.  In  these  simulations,  we  com-
pared  the  active  sensing  approach  against  conventional  sequential  forward  selection  (SFS)  strategies.  We
then experimentally  validated  the method  on  a Taguchi  gas  sensor  to  quantify  mixtures  of two  organic
compounds.  Our  results  indicate  that the  active  sensing  algorithm  can  obtain  comparable  estimation  per-
formance  as  SFS  with  significantly  fewer  measurements.  In addition,  since  active sensing  selects  features
on  the fly,  it  is also  more  robust  to  experimental  noise  than  off-line  subset  selection  strategies.
. Introduction

Metal-oxide (MOX) gas sensors are robust, inexpensive, and
ighly sensitive but have poor selectivity [1]. As a result, dis-
riminating among several chemicals, or between targets and
ackgrounds, becomes difficult. The issue can be addressed in part
y combining multiple sensors with different selectivities, though
he sensor-array response tends to be highly collinear, which leads
o numerical problems. An alternative approach has been used by

 number of researchers, and consists of modulating the sensor’s
perating temperature while it is exposed to a gas sample. Since
he selectivity of MOX  materials is dependent on the operating
emperature, the sensor responses thus obtained have gas-specific
ignatures that can be used to improve the sensor’s selectivity
2–4]. Temperature modulation has also been used in quantita-
ive analysis of gas mixtures (also referred to as multicomponent
nalysis); early work by [5] shows that the resulting responses are
haracteristic of the components present in the mixture.
In this paper, we explore the problem of optimizing temperature
rograms for multicomponent analysis. Namely, given a mixture
f known non-interacting gases, we seek to find a temperature

∗ Corresponding author. Tel.: +1 551 200 8907.
E-mail addresses: rakesh@cse.tamu.edu, rakesh.gosangi@gmail.com
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sequence for a MOX  sensor that best estimates the concentration of
the individual components. The approach builds on our prior work
on active sensing for classification problems [6], where we used
Markov decision processes to optimize temperature programs in
real time. Here, we extend the idea of active sensing for quantitative
analysis of gas mixtures.

We formulate the problem as that of probabilistic state esti-
mation, where each state represents a concentration profile. We
maintain a belief distribution that assigns a probability to each
profile, and update the belief distribution at each time step by
incorporating the latest sensor measurement. To select the sen-
sor’s next operating temperature, we  use a myopic algorithm based
on information-theoretic measures. Namely, the myopic algorithm
selects the operating temperature that is best expected to reduce
the uncertainty in the future belief distribution. Preliminary results
of this work on simulated data were presented at ISOEN 2011 as
an extended two-page abstract [7]. Here, we present the complete
mathematical formulation, benchmark the approach against fea-
ture subset selection strategies, and validate it experimentally on
a commercial MOX  sensor.

The rest of the paper is organized as follows. Section 2 provides
a literature review on quantitative analysis of gas mixtures with
MOX  sensors and a brief background on active sensing. In Section

3, we present the mathematical formulation for the problem and
describe the proposed active-sensing algorithm. In Section 4,
we evaluate the method on a simulated binary mixture problem
using a computational model of MOX  sensors, and compare it
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gainst conventional feature subset selection strategies. Section 5
escribes the experimental setup used for validating the approach
n commercial MOX  sensors and presents experimental results.
e conclude the paper with a discussion and directions for future
ork.

. Background

The problem of quantitative analysis of gas mixtures with MOX
ensors has been studied for more than two decades [8,9]. The typ-
cal approach is to build a mapping from the independent variables
sensor responses) to the dependent variables (concentrations).
oth linear (e.g. ordinary least squares) and nonlinear (e.g. neu-
al networks) have been used for this purpose. The conventional
pproach for building linear models is based on linear regression. In
inear regression, concentrations are modeled as a weighted linear
ombination of the sensor responses, and the weights are esti-
ated in a least-squares fashion by minimizing the sum-squared

rediction error over training data. These weights could be further
tabilized using methods such as principal components regression
10,11], ridge regression [12], or partial least squares [13–15]. Non-
inear regression models have also been used based on several
rtificial neural networks architectures, including multi-layer per-
eptrons [9,16], self-organizing maps [17], and time delay neural
etworks [18,19].

In one of the earliest studies on temperature modulation for
ulticomponent analysis, Nakata et al. [5] applied sinusoidal tem-

erature programs to SnO2 sensors in order to quantify mixtures
f hydrocarbons. The authors analyzed changes in sensor con-
uctance with Fast Fourier Transform (FFT). Their results showed
hat the amplitudes of the FFT harmonics exhibited character-
stic changes with analyte concentration, and could be used for
uantifying the hydrocarbons in mixtures. Heilig et al. [20] used

 similar approach to analyze binary mixtures of CO and NO2 in
ir. Llobet et al. [11] conducted similar studies with SnO2 sen-
ors for quantifying mixtures of CO and NO2. In contrast with
revious studies, the authors used discrete wavelet transforms
DWT) to extract features from the sensor responses. Their results
uggest that DWT  outperforms FFT in terms of estimation accu-
acy. More recently, Vergara et al. [21] presented a systematic
pproach to optimize temperature programs applied to micro-
otplate metal-oxide gas sensors for multicomponent analysis. The
uthors used a multisinusoidal signal for temperature modula-
ion and trained a PLS regression model to predict the constituent
oncentrations from sensor responses. The authors then selected
he best operating frequencies using 5-fold cross validation to
uantify different mixtures of ethylene, ammonia, and acetalde-
yde.

.1. Active sensing
The idea of active sensing (Fig. 1) can be traced back to the
obotics literature, where it was defined as ‘controlling strategies
pplied to the data acquisition process which will depend on the
urrent state of the data interpretation and the goal or the task of the

ig. 1. Inactive sensing the system adapts its sensing parameters based on its belief
bout the state of world, which in turn is updated based on information obtained
rom the sensors.
d Actuators B 185 (2013) 201– 210

process’ [22]. In robotics, active sensing is commonly used in local-
ization and navigation tasks, where there is a trade-off between the
immediate rewards of actions (e.g. bringing the robot closer to its
goal) and long-term effects (e.g. gathering information to avoid get-
ting lost along the way) [23–26]. Among other robotics applications,
active sensing has also been used for simultaneous localization and
mapping [27], off-road driving [28], and robotic exploration [29]. In
the last decade, most work in active sensing has been centered on
military applications such as target tracking using remote radar,
sonar, and electro-optical sensors [30]. These methods have also
been applied to problems such as landmine detection [31], under-
water mine classification [32], and dynamic target tracking with
wireless sensor networks [33,34].

A handful of research groups have also explored active-sensing
strategies in the domain of chemical sensors. In one of the earli-
est studies, Nakamoto et al. [35] developed a method for active
odor blending, where the goal was to reproduce an odor blend by
creating a mixture from its individual components. The authors
developed a control algorithm that adjusted the mixture ratio so
that the response of a gas sensor array to the mixture matched
the response to the odor blend. Priebe et al. [36] developed a
statistical pattern recognition method based on the concept of inte-
grated sensing and processing (ISP). Given a feature vector, the
method builds a decision tree that partitions feature space hier-
archically; nodes close to the root of the tree select features based
on their ability to provide good clustering of examples regardless
of class labels, whereas nodes at the leaves select features based
on their ability to discriminate examples from different classes.
The authors evaluated the model on an experimental dataset from
an array of 19 optical sensors exposed to trichloroethylene (a
carcinogenic industrial solvent) in complex backgrounds. Their
results show that the ISP method can reduce misclassification
rates by 50%, while requiring only 20% of all the sensors to make
any individual classification. More recently, Dinakarababu et al.
[37] proposed an adaptive spectroscopic architecture called adap-
tive feature specific spectrometer (AFSS). Unlike a traditional IR
spectrometer, AFSS has a tunable spectral filter (a digital micro-
mirror device), which aids in multiplexing certain spectral bands
and directing them onto a photo-detector. The system thus mea-
sures the projection of the incoming spectral density onto a set of
basis vectors, rather than measuring the spectral density directly.
The basis vectors are changed over time based on information
from previous measurements. Additional work on adaptive chemo-
sensing systems can also be found in a recent review article
[38].

3. Methods

Given a mixture of n known non-interacting gases and a MOX
sensor that operates at D different temperatures A = (a1, a2, . . .,  aD),
we seek to estimate the concentrations � = (c1, c2, . . .,  cn) of the n
gases by applying a sequence of operating temperatures (a1, a2,
. . .,  at). For simplicity, we  assume that each gas concentration ci
can take one of ki discrete values.2 As a result, the state of the
system can be represented by a vector � with r = k1 × k2 × · · · × kn

different admissible values: � ∈ S = {s1, s2, . . .,  sr}, where si is an n-
dimensional vector containing the discrete concentrations of the n

gases.

We solve this problem through probabilistic state estimation by
maintaining a belief distribution over the r possible concentration

2 This assumption allows us to constrict the representation to a discrete state-
space, which greatly simplifies the optimization problem from a computational
standpoint.
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Table 1
Flowchart of the algorithm used for optimizing temperature programs.

• Step 1: Initialize a uniform belief distribution b0(s), and a set of available
configurations A

• Step 2: Select the “best” operating temperature
asel = argmaxat+1 ∈ A(H(�t ) − H(�t+1|at+1)); t = t + 1

• Step 3: Operate the sensor at at = asel and measure the sensor response ot ,
remove asel from A

•  Step 4: Update the belief distribution bt(s) = p(s|ot , at , bt−1)
•  Step 5: Measure the entropy H(� )
ig. 2. Example of a belief distribution over the ‘concentration space’ for a binary
ixture.

rofiles. The belief bt at time t assigns a probability to each one of
he r states:

t : S → [0,  1];
∑
si ∈ S

bt(si) = 1 (1)

ig. 2 shows an example of a hypothetical belief distribution over
00 (10 × 10) profiles for a mixture of two chemicals. Given an ini-
ial belief b0(s), a sequence of operating temperatures a = (a1, a2,

 . .,  at) and the corresponding observations o = (o1, o2, . . .,  ot)3, the
urrent belief bt(s) is defined as:

t(s) = p(s|o1, o2, . . . , ot, a1, a2, . . . , at) (2)

We  assume that the belief bt(s) acts as a sufficient statistic, and
an be updated using the previous estimate bt−1(s):

t(s) = p(s|ot, at, bt−1) (3)

ur goal is to select a sequence of operating temperatures that
inimizes uncertainty in �, which can be estimated as:

(�) = −
∑
si ∈ S

p(� = si) log (p(� = si)) (4)

here H(�) is the Shannon entropy. In what follows, we will use
he notation H(�t) to represent the entropy of � at time t:

(�t) = −
∑
si ∈ S

p(�t = si) log (p(�t = si)) = −
∑
si ∈ S

bt(si) log (bt(si))

(5)

An exact solution to this problem (called a policy �) is a mapping
rom a belief distribution bt to an operating temperature �:bt → A.
owever, finding an exact solution is P-SPACE complete [39] and

hus computationally expensive. Also, an exact solution would
llow for repeating operating temperatures which is not desired
n the current scenario. Therefore, we use a myopic approach that
ptimizes the temperature program on a per-temperature basis.
ur myopic algorithm selects the next operating temperature asel
s the one with the largest expected reduction in entropy:
sel = arg max
at+1

(H(�t) − H(�t+1|at+1)) (6)

3 ot does not necessarily have to be the steady-state response of the sensor. It could
e any feature (or features) extracted from the transient response of the sensor to
ction at .
t

◦ If H(�t) ≥   go to Step 2
◦  Else declare � = argmaxs (bt(s))

where H(�t+1|at+1) is the expected entropy of � following applica-
tion of temperature at+1. After selecting the operating temperature,
the system transitions to the next time step (i.e., t = t + 1). Then, we
operate the sensor at temperature at = asel and measure the result-
ing response ot; this observation ot is used to update the belief
distribution bt(s) = p(s|ot, at, bt−1). In a final step, we estimate the
entropy of the updated belief distribution. If the entropy is below
a pre-determined threshold  , the concentration is estimated as
� = argmaxsbt(s); this halts the sensing process and avoids any fur-
ther data acquisition. If on the other hand the entropy exceeds the
threshold  , a new operating temperature is selected, and the pro-
cess is repeated. A pseudo-code of the myopic algorithm is shown
in Table 1. This pseudo-code leaves two questions unanswered: (1)
How do we update the belief distribution? (2) How do we  estimate
the expected entropy H(�t+1|at+1)?

3.1. Updating the belief distribution

Given belief bt−1, and action at leading to observation ot, we
obtain the updated belief distribution bt using a recursive Bayesian
filter [40]:

bt(s) = p(ot |at, s)
∑

s′ ∈ Sbt−1(s′)p(s|s′, at)

p(ot |at, bt−1)
(7)

where p(ot|at, s) is obtained from a probabilistic model of the sen-
sor (discussed in Section 3.1.1), p(s|s′, at) is the probability that �
changes from s to s′ upon taking action at and p(ot|at, bt−1) acts as a
normalization term which ensures the belief distribution sums to
1. Since the concentration profile � does not change over time, the
transition model becomes:

p(s|s′) =
{

1 if s = s′

0 otherwise
(8)

As a result, the belief update simplifies to:

bt(s) = p(ot |at, s)bt−1(s)
p(0t |at, bt−1)

(9)

At time t = 0, when no sensor measurements are obtained, we
assume that all the concentration profiles are equally likely, that
is, b0(s) = 1/r, ∀s ∈ S.

3.1.1. Building the sensor model
The term p(ot|at, s) denotes the probability of observing sensor

response ot at concentration setting s when the sensor is operated at
temperature at. To enable real-time estimation of concentrations, it
is crucial that this likelihood value be computed efficiently. For this
purpose, we model the response of the sensor oij at a temperature
ai to concentration profile sj with a Gaussian mixture model (GMM)
as follows:
p(oij|ai, sj) =
M∑
m=1

˛(i,j)
m N(oij|�(i,j)

m , �(i,j)
m ) (10)
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We  first validated the proposed active sensing (AS) method
on a simulated MOX  sensor model through a series of com-
parisons with SFS [43]. These experiments allowed us test the
ig. 3. (a) Temperature-dependent sensitivity of the simulated MOX sensor to two
emperature was  ramped from 1 to 20.

here M is the total number of Gaussians, and ˛(i,j)
m , �(i,j)

m , �(i,j)
m

re the mixing coefficient, mean, and covariance matrix for each
aussian, respectively. Here, state sj and temperature ai are discrete
ariables but the sensor response oij is a continuous variable. GMMs
re suited for this purpose since they are universal approximators
or continuous distributions: given a sufficient number of mixture
omponents, GMMs  can model any continuous distribution [41].

Given training data, we use expectation maximization [42] to
earn model parameters that maximize the likelihood of the data.
he training data for each mixture is generated by running the sen-
or with a set of random temperature sequences and recording
he corresponding responses. Each random sequence contains all
he operating temperatures, with each temperature occurring once,
nd the sequences are different for each mixture. During the test-
ng phase, the sensor will be driven with a temperature sequence
hat is most likely not part of the training set. Thus, it is important
hat the training set captures as much of the variance introduced
ue to the modulation process as possible, and for this reason we
se randomized rather than fixed sequences.

.2. Estimating the expected entropy

The term H(�t+1|at+1) denotes the expected entropy in the state
ariable � if the sensor were to be operated at temperature at+1. We
stimate the expected entropy as the average over all possible sen-
or observations weighted by the probability of each observation:

(�t+1|at+1) =
∑
∀ot+1

p(ot+1|at+1)H(�t+1|at+1, ot+1) (11)

here p(ot+1|at+1) is the probability of making observation ot+1
t temperature at+1 irrespective of concentration, and H(�t+1|at+1,
t+1) is the entropy of � at time t + 1 following observation ot + 1
t temperature at+1. Estimating H(�t+1|at+1) can be interpreted as
rojecting uncertainty into the immediate future, and involves the
ollowing three steps. First, for each possible observation ot + 1, we
se the Bayesian update in Eq. (9) to calculate the projected belief
istribution bt + 1 using the current belief bt and action at+1. Then,
or each projected belief bt + 1, we compute the expected Shannon
ntropy in Eq. (5); this produces H(�t+1|at+1, ot+1). Finally, we  sum all
hese entropies, weighted by the corresponding observation prob-
bilities p(ot+1|at+1), to estimate the expected entropy H(�t+1|at+1)
or action at+1.

To estimate p(ot+1|at+1), we create concentration-independent

ensor models during the training stage. Namely, we collect all the
raining observations (irrespective of the sample concentrations)
orresponding to each operating temperature and model them
ith a GMM.  These GMMs  have M × |S| components, where M is the
thetical chemicals. (b) Response to two different binary mixtures when the sensor

number of components used for the concentration-dependent
GMMs  (as in Section 3.1.1), and |S| is the number of admissible
values for � Using these models, p(ot+1|at+1) can be estimated as in
Eq. (10).

The expected entropy calculation in Eq. (11) is only applicable
for discrete observations; for continuous spaces, the summation
in Eq. (11) becomes an indefinite integral. To address this issue,
we discretize the observation space for each temperature using
k-means clustering.4 This results in a finite set of (sorted) cluster
centers {oai,1, oai,2, . . . , oai,k} for each temperature ai. From here,
we estimate the likelihood values p(oai,j|ai) using the sensor model
described in Section 3.1.1, and the likelihood values are then used
in Eq. (11) to calculate the expected entropy.

3.3. Incorporating sensing costs

The above formulation does not take sensing costs into con-
sideration. However, each sensing action (temperature at+1) could
have an associated sensing cost C(at+1) = ct+1 to reflect the amount
of power consumed at that temperature, the time required for the
temperature pulse to reach steady state, etc. These sensing costs can
be incorporated into the formulation by modifying the temperature
selection criterion of Eq. (6) as follows:

asel = arg max
at+1

U(at+1) = arg max
at+1

((H(�t) − H(�t+1|at+1) −  ̨ × ct+1)

(12)

where U(at+1) denotes the utility of temperature at+1, defined as a
weighted sum of the sensing cost ct+1 and the expected reduction
in entropy; the parameter  ̨ provides a trade-off between the two
criteria (entropy and sensing cost) and serves as a normalization
constant to ensure that they have comparable magnitudes. If the
utility of all temperatures is negative, there is no incentive in any
further data acquisition. This happens when the sensing costs of all
temperatures exceed their expected reductions in entropy. Under
this condition, we  halt the sensing process and declare the con-
centration profile as � = argmaxs(bt(s)). For the experimental work
presented in the rest of the paper, we assumed  ̨ = 0.

4. Validation on synthetic data
4 We chose k-means clustering for the discretization process because it provides
a  more accurate representation of the distribution in feature space than uniform
discretization and is also robust to outliers.
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In a second experiment, we compared the two methods as a
function of measurement noise. As before, we generated five train-
ing datasets (each containing 125 samples) using the simulated
sensor model, and then trained the GMM  sensor models. We then
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ethod extensively; such comprehensive evaluation is impractical
n experimental data due to the prolonged time required for data
ollection. In contrast to AS where features are selected online, SFS
s a passive strategy that selects an near-optimal feature subset off-
ine using training data. SFS operates in a greedy fashion: it starts

ith an empty feature set and sequentially adds the feature that,
hen combined with all features selected previously, maximizes an

bjective function. In our case, the objective function was the clas-
ification performance of a naïve Bayes classifier with 10-fold cross
alidation; this is known as a “wrapper” in the feature-selection
iterature [44] and prevents SFS from over-fitting the training data.

.1. Simulated sensor model

We  used a simulated sensor model to generate a dataset con-
isting of sensor responses to mixtures of two non-interacting
hemicals. Following Clifford and Tuma [45], we  modeled the sen-
or response as:

t =
∑
i

Si(at)c
ˇi
i + �ot−1 (13)

here at denotes temperature at time t, ot is the sensor response,
i(at) is the sensor sensitivity to gas i at temperature at, ci is the
oncentration of gas i, ˇi is a gas-dependent parameter, and � is

 parameter that captures sensor dynamics (history effects). Fol-
owing [46], we defined the sensitivity Si of the sensor to a gas i
s a sum of a univariate Gaussian and a linear function over the
perating temperatures:

i(at) = liat + 1√
2��2

i

exp − (at − �i)
2

2�2
i

(14)

here li, �i, and �i are gas-dependent parameters.
We  created an experimental scenario with 20 different tem-

eratures {1, 2, . . .,  20}  and two hypothetical chemicals: {l1, �1,
1} = {0.1, 0.4, 12}  and {l2, �2, �2} = {0.08, 0.45, 6}; parameters in
he Clifford–Tuma model were set to (ˇ1, ˇ2, �) = (0.45, 0.5, 0.1).
ig. 3(a) shows the temperature-sensitivity profile of the simu-
ated MOX  sensor for two hypothetical chemicals. We  assumed
ach chemical could be present at one out of five discrete con-
entrations (c1, c2 ∈ {20, 40, 60, 80, 100}), resulting in r = 5 × 5 = 25
ifferent concentration profiles.

.2. Experiment I: performance vs. number of actions

In a first experiment, we compared the two methods (AS and
FS) as a function of the number of operating temperatures used.
or this purpose, we created five training datasets each containing
25 samples: for each of the 25 concentration profiles, we gener-
ted five random permutations of the 20 operating temperatures
nd then obtained sensor responses with Eq. (13); o0 was  initialized
o a random value. From these datasets, we trained five sets of GMM
ensor models described in Section 3.1.1, and selected SFS feature
ubsets of different cardinalities f (1 ≤ f ≤ 10). At each cardinality f
nd for each set of sensor models, we tested both methods on a
ataset of 250 samples (10 per concentration profile). To ensure a

air comparison between both methods, we modified AS such that
he algorithm stopped sensing when either f observations were uti-
ized or H(�t) < 0.655; in addition, we did not allow AS to use the
ame feature twice.

5 We chose the value of 0.65 for   because it reflects a situation with 90% certainty
n  the classification. In other words, consider a belief distribution that assigns a
robability of 0.90 to one of the concentration profiles and 0.004 = 0.1/24 to each of
he 24 remaining profiles. This distribution has entropy of 0.65 nat.
Fig. 4. Classification performance of both methods as a function of the number
of  features used. The SFS curve has been shifted right along the x-axis to avoid
overlapping of error bars.

Results are summarized in Fig. 4. As expected, classification per-
formance for both methods improved with increasing number of
features f. Interestingly, when only one temperature is used (f = 1),
SFS outperformed AS: 21.9% vs. 20.3%, respectively. This is likely due
to the fact that SFS uses 10-fold cross validation to identify the ini-
tial temperature, where as AS selects the feature based solely on the
sensor models and has no provision to cross-validate the selection.
However, for f > 1 AS consistently outperforms SFS, and achieves
perfect classification at f = 7. The superior performance of AS may
be attributed to its adaptive nature, which allows it to change the
temperature program based on information obtained thus far from
the test sample, whereas SFS always uses a pre-determined set of
operating temperatures that were optimized off-line.

4.3. Experiment II: performance vs. noise
0 0.1 0.2 0.3 0.4 0.5
0

10

20

Noise

Fig. 5. Classification performance of both methods versus variance of additive
Gaussian noise. The SFS curve has been shifted right along the x-axis to avoid over-
lapping of error bars.
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ry system used for experimentation.
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Table 2
Concentrations of the two  chemicals in the mixtures, expressed in volume/volume.

Mixture Xylene concentration (%) EtOH concentration (%)

1 5 5
2  10 5
3 15 5
4  5 15
5 10 15

in a randomized order to avoid systematic errors.
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Sensor response
Fig. 6. A schematic of the delive

sed SFS to identify the best feature subsets of cardinality f = 5. Fol-
owing the previous experiment, the AS algorithm stopped sensing

hen either 5 observations were obtained or H(�t) < 0.65; AS was
lso prevented from using the same feature twice. To test the two
ethods, we generated 11 different test sets, each having addi-

ive Gaussian noise with variance ranging from 0.0 ≤ �2 ≤ 0.5 in
teps of 0.05. Each test dataset contained 250 test samples, 10 per
oncentration profile.

Classification results are summarized in Fig. 5. As expected,
lassification performance for both methods degrades with increas-
ng levels of noise in the test data. However, in the noise range
.0 ≤ �2 ≤ 0.3, AS consistently outperforms SFS. This is because AS
elects features at measurement time, which allows it to adapt to
oise, whereas SFS uses a pre-specified set of temperatures that was
omputed off-line using noise-free training data. The average num-
er of features used by AS increases with decreasing SNR because;
he increasing levels of noise do not allow the beliefs to reach the
ertainty levels required for AS to stop the sensing process. There-
ore, AS acquires more features to ‘counter’ the noise, whereas SFS
oes not have this capability. In addition, with increasing levels
f noise, the observations are more likely to fall in areas where the
lass distributions overlap. In such situations, the beliefs associated
ith these overlapping classes would have similar values. Then, for

he subsequent sensing steps, AS will give preference to features
hat can strongly distinguish between the ‘overlapping classes’.
n contrast, SFS works with a predefined sequence of features. At
igher levels of measurement noise (0.35 ≤ �2 ≤ 0.5) both methods
erform comparably, indicating that at these settings the amount
f noise in the data prevents AS from making accurate predictions.

. Validation on experimental data

.1. Experimental setup

We  also validated the AS algorithm experimentally using a com-
ercial MOX  sensor (TGS 26206) with six binary mixtures of xylene

nd ethyl-alcohol (EtOH) introduced into a background of desic-
ated air. The sensor was placed in a custom-built sensor chamber.
he sensor’s measuring circuit was a voltage divider, where the
ensor was connected in series with a load resistor (RL = 5 k�) and
he input circuit voltage was Vc = 10 V. Gas mixtures were delivered
rom 30 ml  glass vials using an air pump connected downstream.
he concentrations of the two chemicals were controlled using two
odel 1010 Precision Gas diluters.7 A schematic of the experimen-
al setup is shown in Fig. 6. Sensor and diluters were interfaced
sing NI-6024E and NI-67138 data acquisition cards and controlled
ith Matlab.

6 http://www.figarosensor.com/.
7 http://www.customsensorsolutions.com/.
8 http://www.ni.com/dataacquisition/pci/.
6  15 15

We  conducted a preliminary study (details not included in this
paper) to determine a suitable range for the concentration of the
chemicals and sensor heater voltage; our goal was  to ensure the
quantification problem was not trivial so that temperature modu-
lation would be needed to discriminate the mixtures. The resulting
binary mixtures are summarized in Table 2.

The sensor was  operated at 10 different heater voltages ran-
ging from 4.5 V ≤ VH ≤ 7.5 V in steps of 0.33 V, which corresponds to
a temperature scale of 320–550 ◦C. At each operating voltage, we
pulsed the sensor for a duration of 30 s. Between consecutive pulses,
the sensor was reset to a baseline voltage (0 V), also for duration of
30 s. This form of temperature programming helped reduce vari-
ance in the sensor response due to thermal dynamics. Fig. 7 shows
a sample sensor response to a mixture of 5% xylene and 5% EtOH
for a random sequence of 5 V pulses. For each binary mixture, we
operated the sensor with 12 random sequences, each sequence con-
taining the 10 operating voltages; this resulted in a dataset with 72
samples (6 mixtures × 12 sequences). The mixtures were presented
0 50 100 150 200 250 300
0

1

Time (second s)

Fig. 7. Transient sensor response to a mixture of 5% xylene and 5% EtOH. The sensor
heater was  driven with a sequence of 5 V pulses, each 30 s long feature extraction.

http://www.figarosensor.com/
http://www.customsensorsolutions.com/
http://www.ni.com/dataacquisition/pci/
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ulse  of 30-s duration. (b) The first three principal components extracted from the 

.2. Feature extraction

We  used principal component analysis (PCA) [47] to extract
eatures from the sensor transients. Namely, for each of the 10 V
ettings (4.5 V ≤ VH ≤ 7.5 V; 	 = 0.33 V), we collected the sensor
esponses to all binary mixtures and then applied PCA to obtain
he loadings (eigenvectors) and scores. Fig. 8(a) shows 30 sensor
ransient responses to the six binary mixtures (5 transients per

ixture) to a 30-s 4.83 V pulse; Fig. 8(b) shows the first three load-
ngs. We  repeat this process for each voltage setting to obtain the
orresponding loadings and scores. In all cases, the first three prin-
ipal components were sufficient to capture more than 99% of the
ariance. Thus, PCA allowed us to compress the transient response
own to three features (i.e., the PCA scores). Then, we used three
D GMMs  (one per principal component) to create the probabilistic
ensor models9; refer to Section 3.1.1 for details. During the testing
tage, when the sensor is driven with a pulse at, the resulting tran-
ient response is multiplied with the PCA loadings corresponding
o at. The scores thus obtained are treated as the observation ot.

.3. Experiment III: AS vs. SFS

Following procedures described in Section 4, we  compared the
S algorithm against SFS. To avoid over-fitting, we used a naïve
ayes classifier wrapped in a10-fold cross-validation loop as the
bjective function for SFS. For each fold, we randomly divided the
ensor data (72 samples) into two subsets: a training dataset con-
aining 30 samples (5 per mixture), and a test dataset containing 42
amples (7 per mixture). Then, we ran SFS on the training datasets to
enerate optimal feature subsets of cardinalities 2 ≤ f ≤ 7. For each
f these subsets, we estimated classification performance on the
orresponding test datasets. We  used the same 10-fold cross vali-

ation loop to estimate the performance of AS. Namely, we trained
MM  sensor models on each of the 10 training sets and estimated

he performance of AS on the corresponding test sets. To ensure a
air comparison between the two methods, the AS algorithm was

9 We chose to use three 1D GMMs  as opposed to using 3D GMMs due to the limited
umber of training samples available.
Fig. 9. Classification performance of AS and SFS as a function of number of features
used. For visualization purposes, the SFS curve was shifted slightly along the x-axis.

stopped when either f observations were obtained or H(�t) < 0.110;
as earlier, AS was  not allowed to choose the same feature twice.

Results are summarized in Fig. 9. As expected, classification
performance for both methods improved with increasing number
of features. However, AS consistently outperformed SFS regard-
less of feature set size. The disparity between the two  methods
is more evident at lower cardinalities; as the number of features
increases, there is a greater overlap between the cumulative fea-
ture sets selected by the two  methods. These results are consistent
with those obtained on simulated data (see Fig. 4).

We calculated the average number of pulses used by AS for all
the mixtures (across all rounds of cross validation and for f = 7).
The results are summarized in Table 3. For mixtures #1 and #4, AS

requires an average of 2 pulses to identify the samples. Interest-
ingly, these are the two  mixtures with 5% Xylene. For mixture #6
(15% both chemicals), AS requires an average of 3 pulses to identify

10 The value of 0.1 for   reflects a situation with 90% certainty in the classification.
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ulse as a function of the sensing steps for each mixture.
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Fig. 10. Probability of selecting each temperature p

he sample. For the remaining mixtures (#2, #4, and #5), AS uses
round 6–7 pulses. The low standard deviations in Table 3 suggest
hat the average number of pulses used by AS is very consistent
ith the composition of the test samples.

To illustrate the adaptive nature of AS, we also analyzed the
robability that each pulse is selected as a function of the sensing
tep. Results for the case f = 7 (first round of cross-validation) are
ummarized in Fig. 10. In the first sensing step, AS always selects
he same pulse (5.17 V), regardless of the test sample; since we
ssume a uniform belief distribution at t = 0, the selection in the
rst step is based solely on the sensor models. The same trend
ontinues in the second sensing step where AS selects the same
ulse (7.17 V) for all test samples. At the third sensing step, how-
ver, AS selects the pulse (5.5 V) for mixtures #2, #3, and #5,
ut selects a different pulse (7.5 V) for mixture #6. We  observe
imilar behavior in the fourth sensing step: AS selects the pulse
4.5 V) for mixtures #2, #3, and #5, but the pulse (6.2 V) for mix-
ure #6. In the latter sensing steps (t ≥ 5), the sequences selected
or mixtures #3 and #6 tend to converge to a single temperature,
ut for mixtures #2 and #5 AS select from among several of the
igher temperatures. Thus, the results from Table 3 and Fig. 10
learly illustrate the adaptive nature of AS, which allows it to select
ulse sequences that are highly dependent on the identity of each
ample.

.4. Experiment IV: performance vs. pulse duration

Finally, we also investigated whether shorter pulse durations
ould affect the classification performance of the active sensing

lgorithm. For this purpose, we evaluated AS using only the first
5 s and 25 s of the transients as well as the entire 30-s transient.
ollowing procedures described in Section 5.3, for each transient
uration we first applied PCA to extract features, then used GMMs

o create the sensor models, and finally estimated classification
erformance of AS using 10-fold cross validation at different cardi-
alities f.

able 3
he average number of pulses used by AS and the corresponding standard deviations
at  f = 7) for all the six mixtures. The mixture numbers correspond to those used in
able 2.

Mixture 1 2 3 4 5 6

Average # of pulses used 2.12 6.36 6.34 2.04 6.67 2.88
Standard deviation 0.16 0.53 0.38 0.08 0.24 0.68
Fig. 11. Classification performance of AS vs. number of pulses used for three pulse
durations – 15, 25, and 30 s. For visualization purposes, the curves corresponding to
15  s and 25 s pulses have been moved slightly along the x-axis.

Results are summarized in Fig. 11. As expected, classification
rates are consistently higher for 30 s pulses than for 15 s or 25 s
pulses, with the only exception of f = 2, where 30 s and 25 s pulses
are comparable. The 30 s pulses improve the average classification
performance by 1.3% and 4.5% points relative to 25 s and 15 s
pulses, respectively, which indicates that the first half of the sensor
transients contains most of the discriminatory information. This
result is consistent with Fig. 8(a), which shows that the sensor often
converges toward its steady-states after 15 s, rendering the latter
parts of the transients relatively less informative. According to
Fig. 11, differences between the short (15 s) and long (30 s) pulses
are more marked with fewer sensing actions (2 or 3 temperatures),
which suggests that accuracy can be improved by increasing either
the number of sensing actions or the duration of the temperature
pulses.

6. Conclusions and future work

We  have presented an active-sensing approach for quantitative

analysis of gas mixtures with MOX  sensors. The approach allows
a MOX  sensor to adapt its operating temperature in real time to
sequentially reduce uncertainty in the concentration estimates.
We validated the approach on simulated and experimental data.
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ur results indicate that active sensing is advantageous when
ither the sensing budget is limited or the sensor measurements
re prone to noise.

The framework presented here could be extended to other types
f temperature modulation waveforms. As an example, if the sensor
emperature were to be modulated with sinusoidal waveforms [48]
nstead of pulses, AS could be used to choose the next modulation
ine-wave (DC offset, amplitude, and frequency) based on infor-
ation obtained from previous sensing steps. Examples of other

emperature waveforms from recent literature where this frame-
ork could be used, include staircases [49], triangular waveforms

50], and voltage spikes [51]. In this paper, we used PCA for extract-
ng features from the sensor transients. However, other feature
xtraction techniques such as wavelets [52], dynamic moments
48], or multi-exponential models [53] could easily be incorporated
nto the framework.

Identification times in our experiments are in the order of min-
tes, which may  be impractical for certain applications. However,
his is largely a limitation of the particular sensors we used for
alidation purposes (Figaro TGS sensors have long time-constants)
nd not of the active sensing method itself. Dramatically shorter
esponse times can be obtained with newer metal-oxide sensor
echnologies, such as MEMS  micro-hotplate arrays that have very
ow thermal constants, allowing for millisecond-scale temperature
ariations [21,54,55].

Our formulation is currently limited to discrete concentration
paces, i.e., where the concentration of each mixture component
elongs to one of k possible discrete values. We  are currently
xploring ways in which the formulation could be extended to con-
inuous concentration spaces, i.e., � ∈ R

n. As an example, particle
ethods [56] can be used to search through a continuous con-

entration space. In this case, we would maintain a sample of L
osterior distributions or particles �t = {�[1]

t , �[2]
t , . . . , �[L]

t }, where
ach particle is an n dimensional vector representing a hypothesis
f what the concentrations may  be at time t, and each particle is
ssigned a weight ω[l]

t+1 which is proportional to the observational

robability: ω[l]
t+1 ∝ p(ot |at, �[1]

t−1).
The myopic approach used in this paper (Table 1) selects tem-

eratures based on their potential to reduce uncertainty in the
elief distribution immediately, that is, following a sensing action.
his is in contrast with exact solutions that are optimized over
onger horizons though at additional computational costs. Thus,
here is a trade-off between long-term and short-term gains [57],
nd the required computational complexity. However, consider-
ng the limited specificity of MOX  sensors (even after temperature

odulation) and the dynamic characteristics of chemical stimuli,
t is unclear whether an optimal policy would provide signifi-
ant improvements in performance when compared to the myopic
pproach tested in this paper.

In its present implementation, our myopic algorithm does
ot allow the same temperature to be measured multiple times.
ecause the sensor response is partly a function of its history, it is
ossible that measurements at the same temperature performed
t different times could bring complementary information. Note,
owever, that in our experiments the sensor temperature is reset
etween consecutive temperature pulses (see Fig. 7). This removes,
o a large extent, history effects on the sensor response, to where

easurements of the same temperature at different times are likely
o yield the same information. Multiple measurements at the same
emperature may  still be beneficial, e.g., as a way to increase signal-
o-noise ratio [58]. However, the baseline method we used for

omparison (SFS) does not allow repeated measures of the same
eature, so it would have been at a disadvantage if we had allowed
he active-sensing method to acquire multiple measurements at
he same temperature. Leaving aside experimental considerations,

[
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our active sensing method can be easily extended to allow the same
pulse multiple times.

Finally, our current implementation discretizes the observation
space to estimate the expected entropy. This discretization step
may  be circumvented by using closed-form approximations of
entropy. As an example, Huber et al. [59] have presented closed-
form approximations of the true entropies for Gaussian mixtures,
which are the exact form of our sensor models. Alternatively, one
may  estimate expected entropy via Monte Carlo sampling [60].
Monte Carlo sampling can provide more accurate estimates of
differential entropy than discretization, but at a computational
expense.
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