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This  article  presents  an  active  wavelength  selection  algorithm  for multicomponent  analysis  with  tunable
infrared  sensors.  Traditional  techniques  for wavelength  selection  operate  off-line;  as  a  result,  the  resulting
feature subset  is  fixed  and  only  optimal  for the  specific  mixtures  and  noise  levels in  the  training  set.
To  address  this  limitation,  the  proposed  algorithm  interleaves  the  wavelength-selection  and  sensing
steps  so  that  the  feature  subset  adapts  to information  from  previous  measurements.  At each  point  in
the  process,  the  algorithm  maintains  a  pool  of candidate  solutions  (i.e.,  mixtures)  consistent  with  all  past
measurements,  then  selects  the  wavelength  that  maximizes  discrimination  across  the  pool.  The algorithm
uses  a weighting  function  based  on Akaike  information  criterion  to promote  parsimonious  solutions
unable sensors
avelength selection
ulti-modal optimization
odel selection

hemical mixture analysis

and  balance  exploration  vs.  exploitation  strategies.  The  algorithm  is  validated  experimentally  on  binary
mixture  problems  with  a tunable  infrared  detector  (Fabry-Perot  interferometer),  and  its  performance
on  higher-order  mixtures  characterized  in simulation  with  a  large  spectral  library.  Active  wavelength
selection  outperforms  passive  strategies,  particularly  at  low  signal-to-noise  and  foreground-background
ratios,  and  when  mixture  components  are  similar,  in  which  case  the problem  becomes  ill conditioned.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Compact tunable chemical sensors based on Fabry-Perot inter-
erometry have become available in recent years [1,2], offering the
rospect of low-cost, portable embedded spectroscopy for chemi-
al identification and quantitative analysis. However, compared to
raditional spectroscopy such as Fourier transform infrared spec-
roscopy (FTIR), these compact tunable sensors generally have
ower sensitivity and resolution, which leads to higher sensor noise
nd greater collinearity. Wavelength selection can help alleviate
hese problems; by removing uninformative wavelengths, it has
een shown both theoretically [3] and experimentally [4–8] that
rediction accuracy can be improved. Additionally, since tunable
ensors can only scan one spectral line at a time, wavelength selec-
ion can significantly speed up the sensing process by avoiding
on-informative wavelengths.

Given the combinatorial complexity of the wavelength selec-

ion problem, an efficient searching algorithm is crucial to make
he process computationally tractable. Several approaches have
een proposed in the literature, including various randomized

∗ Corresponding author. Tel.: +1 5108593583.
E-mail addresses: tonmey@cse.tamu.edu (J. Huang), rgutier@cse.tamu.edu

R. Gutierrez-Osuna).

ttp://dx.doi.org/10.1016/j.snb.2014.10.094
925-4005/© 2014 Elsevier B.V. All rights reserved.
algorithms such as genetic algorithms [8], simulated annealing [7],
colony optimization [9], as well as greedy strategies. A notewor-
thy greedy search technique is the successive projection method
of Araújo et al. [5], which extracts wavelengths that minimize
collinearity using the sequential orthogonal projections of the
Gram–Schmidt procedure. To further reduce the search space, a
common technique is to group wavelengths into individual non-
overlapping windows, as in the changeable size moving window
scheme of Du et al. [10].

Notwithstanding the effectiveness of these wavelength selec-
tion algorithms, their performance is limited by the fact that
wavelengths are selected offline using a subset of all the possible
mixtures to which the device may  later be exposed. For mixture
analysis problems of even moderate size (e.g., tens of potential
chemicals), and in the absence of prior knowledge of the most likely
components (and possibly their relative concentrations), the search
will generally produce wavelength subsets that are either highly
redundant or too specific to the particular mixtures in the training
set.

To address the limitations of these methods, this article presents
an adaptive algorithm that interleaves the wavelength-selection

and sensing processes. Given a set of previous measurements (i.e.,
absorption at specific wavelengths), the algorithm generates a pool
of candidate solutions, each solution representing a vector of con-
centrations across all the chemicals in the library, then selects as its

dx.doi.org/10.1016/j.snb.2014.10.094
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.10.094&domain=pdf
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The authors developed a digital micro-mirror device capable of
multiplexing certain spectral bands and directing them onto a
photo-detector. In this way, the system was  able to measure the
46 J. Huang, R. Gutierrez-Osuna / Sens

ext wavelength the one that maximizes discrimination among the
andidate solutions. In this fashion, the algorithm can be viewed as
daptively generating a training set of chemical mixtures for the
avelength-selection process. As the sensing process continues,

he training set becomes closer to the test sample, and the selected
avelengths grow more relevant. A weighting function over can-
idate solutions according to their fitness (i.e., consistency with
he measured wavelengths) can then be used to bias the algorithm
owards exploration (e.g., during the initial stages) or exploitation
e.g., to promote convergence in the final steps).

We validated the approach through a series of experiments
ith real and synthetic data. First, we established proof-of-concept

n real data from an FPI prototype exposed to binary mixtures
background/foreground) randomly selected from a small library
f volatile organic compounds. To make the problem challenging,
he foreground component was set to have a concentration 1–2
rders of magnitude below that of the background component;
t these levels, repeated sampling at the informative wavelengths
or the weaker foreground is necessary before it can be detected.
hen, we characterized the approach through simulations of binary
ixtures with different degrees of numerical ill-conditioning (i.e.,

ncreasingly similar mixture components). Finally, we  extended the
imulation to complex mixture problems containing up to 15 chem-
cal components from a library of 500 analytes. In all three sets
f experiments, a passive algorithm (sequential forward selection)
as used as a baseline for comparison purposes. Our results indi-

ate that the adaptive strategy outperforms the passive strategy
ystematically, particularly in the presence of noise or numerical
ll-conditioning.

The remaining sections of this manuscript are organized as fol-
ows. Section 2 reviews related work in the areas of active sensing,
daptive sampling and sparse signal recovery. Section 3 describes
he proposed active sensing framework, including a strategy to
alance exploration and exploitation criteria. Section 4 presents
n experimental evaluation of our framework on two-chemical
ixture problems with a Fabry-Perot interferometer. Section 5

rovides a thorough evaluation of the framework on high-order
ixtures using synthetic spectra from a library of 500 chemicals.

he article concludes with a discussion of results and directions for
uture work.

. Related work

Inspired by the theory of ‘active perception’ [11,12], which states
hat organisms actively probe their environments to enhance their
bility to extract information, the concept of active sensing was
riginally proposed during the 1980s in the robotics and vision
ommunity [13]. In a classic study, Aloimonos et al. [14] proposed
n active vision framework to adjust camera geometric parame-
ers (positions, rotation, etc.) to solve 3D reconstruction problems.
he authors showed that, by using an active strategy, an other-
ise ill-posed problem became well-posed, which dramatically

mproved the algorithm’s problem solving efficiency. Other prob-
ems in robotics and computer vision soon adopted the idea of
ctive sensing, including modeling of facial expressions with tem-
oral information [15], multi-target detection and tracking [16],
nd robot navigation [17], localization [18] and simultaneously
ap building and localization [19]. These results show that active

ensing works exceptionally well compared to passive methods,
specially when the observations are noisy or the problem dynam-
cs must be considered.
Interestingly, a similar concept (adaptive sampling) had already
een proposed twenty years earlier in the optimization community.
n early work, Kushner and Mockus proposed a stochastic method
or function minimization [20,21], a method to be later known as
d Actuators B 208 (2015) 245–257

Bayesian optimization [22]. The approach samples the objective
function sparsely, then uses a Gaussian process [23] to estimate the
objective function and the variance of its estimate at all other loca-
tions in sample space. These can then be used to guide the selection
process, either by further sampling at the predicted highest/lowest
locations to converge to a solution (exploiting) or by sampling areas
of high variance to improve the estimation accuracy (exploring).

More recently, adaptive sampling techniques have been devel-
oped for sparse signal recovery, an area known as compressed
sensing [24]. Compressed sensing uses �1 norm regularization to
encourage sparsity in the solution of an under-determined linear
system. Compressed sensing algorithms generally used random
selection of the variables to be measured, but recent work by
Haupt et al. [25] has shown that the accuracy of the reconstruc-
tion can be improved by use of adaptive sampling, particularly in
the case of weak signals. Their algorithm assigns each feature an
importance measure that is proportional to the value of that fea-
ture and diminishes exponentially over the number of times that
feature is sampled. At the beginning, all features are assigned uni-
form importance; as some features are sampled more frequently,
their importance diminishes, allowing other features with stronger
values to be sampled. The authors evaluated the method on a
telescope star image recovery problem. The proposed adaptive
sampling scheme outperformed a non-adaptive scheme, requiring
fewer samples to achieve higher star-detection rates.

Adaptive sampling concepts have also been developed in the
machine learning literature, where they are referred to as active
learning. In contrast with active sensing, where the goal is to select
an optimal sequence of features for each test case, the goal of active
learning is to select training samples to improve the learning of
decision boundaries. In a theoretical study, Castro and Nowak [26]
compared the mini–max bounds1 of adaptive and passive classifi-
cation methods, and showed that adaptive methods have superior
error reduction rates with reasonable complexity. These findings
are particularly relevant in chemical sensing applications, where
collecting or labeling new samples can be laborious. As such, active
learning can alleviate this problem by minimizing the required
number of samples without reducing the performance. Motivated
by this issue, Lomasky et al. [27] proposed an “active class selec-
tion” method for the problem of discriminating vapors with an
array of chemical sensor. Their method generated the next n train-
ing instances according to the instability of the class boundaries,
the latter being measured by the number of test instances whose
classification results change upon inclusion of the previous set of n
training samples. In related work, Rodriguez et al. [28] developed an
active sampling method for sensor array calibration that selected
not only the classes of the vapors to be measured but also their
concentrations. The authors modeled the preference for a particu-
lar concentration c with the pseudo-distribution P(c) ∝ e−kc, where
parameter k can be used to favor low concentrations (k > 0) or high
concentrations (k < 0). Given a sequence of calibration batches B1,
B2, . . .,  Bn and their respective k parameter sequence k1, k2, . . .,
kn, the algorithm selects the value kn+1 that provides the lowest
cross-validation error on batch Bn+1.

Active sensing techniques have rarely been used in the con-
text of chemical sensing. One notable exception is the work of
Dinakarababu et al. [29], who proposed an optical implementation
of active-sensing principles for rapid identification of chemicals.
1 The mini–max bound estimates the best possible error reduction rate (mini)
under a worst difficulty scenario (max), where difficulty is measured by the dimen-
sionality of the classification problem and the noise level of the measurements.
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(see Appendix A). The individual steps are described in more detail
in the following subsections.
J. Huang, R. Gutierrez-Osuna / Sens

rojection of the incoming spectral density onto a set of basis vec-
ors, rather than measure the spectral density directly. The basis
ectors consisted of the eigenvectors of a covariance matrix proba-
ilistically weighted by the likelihood of different classes based on
revious measurements.

While the sparse recovery problem shares some similarities
ith our multicomponent chemical analysis problem, the latter
as a unique characteristic. The objective of signal recovery is to
inimize the error between the measurements and the recovered

ignal; in contrast, in chemical component analysis one seeks to
inimize the error between the measurements and the solutions of

he underlying linear system that give rise to the IR absorption spec-
ra. This requires solving the linear system explicitly, and validating
ts solutions not only by the error with respect to the measured
bsorptions (error in the observation space) but also the error in
he estimated concentrations (error in the solution space).

Our early investigations of active sensing focused on
emperature-modulated metal oxide sensors (MOX). In [30]
e studied the problem of discriminating M chemicals at a fixed

oncentration with a single MOX  sensor. For this purpose, we
sed a partially observable Markov decision process (POMDP)
ombined with a myopic policy that selected sensing actions based
n the expected reduction in Bayesian risk. The method was later
xtended to binary mixtures [31] and arrays of MOX  sensors [32].
ore recently, our work has focused on mid-IR spectrometry with

abry-Perot Interferometers which, unlike MOX sensors, have a
inear response to concentration. In [33] we proposed a method
or concentration-independent chemical identification. This new
pproach used nonnegative matrix factorization [34] to create
oncentration-independent absorption profiles for each chemical,
nd linear least squares to fit sensor observations to the response
rofiles. Later, we extended the framework to the problem of
nalyzing chemical mixtures [35], which requires an efficient
lgorithm to search among a factorial combination of mixtures.
or this purpose, we  developed a multi-modal non-negative
inear least squares method and established proof-of-concept on
imulated data [35]. The work proposed here significantly extends
ur earlier solution [35] in three main respects. First, we  propose

 weighting scheme based on the Akaike information criterion
AIC) to balance exploration and exploitation strategies. Second,
nd more importantly, we evaluate the approach experimentally
n a prototype Fabry-Perot Interferometer. Finally, we  perform a
horough evaluation of the approach using higher-order mixtures
nd increasing degrees of ill-conditioning.

. Methods

.1. Problem definition

Consider the problem of estimating the concentration x for the
nalytes in a chemical mixture given the mixture’s infrared absorp-
ion spectrum b. The number of constituents in the mixture M and
heir identity are unspecified (i.e., must also be determined), but
hey can be assumed to belong to a library of C distinct chemicals
ith known spectra. Denoting the spectral library by an L × C col-
mn  matrix A, where each column is the L-dimensional absorption
pectrum of each chemical, the problem can be stated as solving
he linear system:

x + ı = [A 1]

[
x
]
= b (1)
ı

here ı is an offset term that accounts for any bias errors. Assuming
hat samples only absorb energy ( A, b ≥ 0) and since concentrations
d Actuators B 208 (2015) 245–257 247

must be non-negative ( x ≥ 0), the problem consists of solving a
partially constrained linear system:

[A 1]

[
x

ı

]
= b

s.t. x≥0 and ı ∈ R

where A, b≥0

(2)

For active sensing with a tunable sensor, the L-dimensional
spectrum must be measured one wavelength at a time. As a result,
the entire matrix A is not available but only the rows for those
wavelengths that have already been measured. Let us denote by
F = {�F1 , �F2 , . . .,  �FN

} the set of measured wavelengths, where �Fi

is the Fith wavelength in the spectrum at sensing step i. Then, using
Matlab notation,2 the actual matrix A becomes A( F , :) and the
actual sensor observation becomes b( F). Starting from an empty
matrix (zero observations), A( F , :) grows by adding one row at
a time, as each new wavelength is measured. The goal is to find
a short (N � L) sequence of wavelengths �F such that the corre-
sponding observation b(F) and the spectral library A( F , :) resolve
the mixture components and their concentration x.

[A(F, :) 1]

[
x

ı

]
= b(F)

s.t. x > 0 and ı ∈ R

where A, b≥0

(3)

Since Eq. (3) is under-determined for N < C (i.e., there are more
chemicals in the mixture library than measured wavelengths), the
problem is only solvable when the solution x is assumed to be
sparse (M � C). As will be later described, in this paper we  assume
that the mixture contains at most 15 chemical components out of
500 chemicals in the library (M ≤ 15, C = 500).

3.2. Overview of the approach

To solve the constrained linear system in Eq. (3) the proposed
algorithm operates in two broad strokes: at each sensing step, it
generates a pool of sparse solutions based on previous measure-
ments, then selects the next wavelength to maximize separability
among the solutions in the pool. The approach is illustrated in
Fig. 1. With the arrival of the ith measurement at wavelength �i,
the algorithm generates a number of candidate solutions { x1,
x2 . . . xK} through a non-negative least squares solver (see Section
3.3); the use of multiple solutions is needed given the instability
of the problem. Each solution (a vector containing the concentra-
tion of the C chemicals in the library) is then transformed into the
estimated full spectrum bi = Axi, and each spectrum is weighted
according to its fitness based on the Akaike information criterion
(AIC) to prevent overfitting (see Section 3.4). The wavelength �′

with largest weighted variance �W across the solution pool (each
solution weighted by its fitness) is then chosen as the next measure-
ment, and the process is repeated. Though other selection criteria
may  be used (e.g., maximize correlation, goodness of fit, mutual
information [36]), weighted variance �W is simple to compute and
is an approximation of the misclassification risk of the candidates
2 The expression A(:,i) denotes the ith column of A, whereas A(i:,) denotes the jth
row of A.
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ig. 1. Overview of the multimodal wavelength selection approach; FPI: Fabry-Perot
nterferometer; MM-NNLS: multi-modal non-negative least squares; AIC: Akaike
nformation criterion.

.3. Generating candidate solutions: multi-modal non-negative
east squares

The most critical component of the active sensing framework
s the multivariate solver for the underlying linear system in Eq.
3). Our implementation uses a non-negative least squares (NNLS)
lgorithm [37] based on matching pursuit, a numerical technique
hat finds the best matching projections onto an over-complete dic-
ionary [38]. To promote sparsity, the NNLS algorithm starts with
n all-zero solution vector x = [0 0 . . . 0]T, and adds one nonzero
ntry to x at a time, each entry representing a chemical com-
onent; namely, the algorithm computes the gradient term Vx =
T ( b − Ax)f for each chemical in the library, and adds the one
hose gradient is largest. Once a new entry has been selected, the
seudo-inverse solution3 is used to find the minimum–minus the
onstraints. At this point, if any of the non-zero elements is nega-
ive, the solution x′ is shifted back to the closest point in the feasible
rea (along any one axis) using the iteration:

while ∃i|x′(i) < 0

x′ ← x′ − ˛(x′ − x)

where  ̨ = min
{

x′(j)
x′(j) − x(j)

: j ∈ P ′
}

end while

(4)

here P and P’ are the set of indices of nonzero entries in x and
′, respectively, x is the previous feasible solution, i.e., before the
on-zero entry was added, and x′(i) represents the estimated con-
entration for the ith chemical in the library. The iteration in Eq. (4)
s repeated until all entries in x′ are non-negative.

The process of estimating the local minimum (via the pseudo-

nverse) and adjusting to the non-negative constraint4 is repeated
ntil no more negative entries exist. If the error term over measured
avelengths ε̂ = b(F) − A(F, :)x′2 is large, a new entry is added to

3 Using Matlab notation, the pseudo-inverse solution can be computed as [x′T ı]
T =

A
(

:, P ′
)

1]\b.
4 Note that the offset � is not included in the adjusted term x since � has no

onstraints. Instead, � is re-estimated together with the adjusted term x′ (i.e.,
hrough the pseudo-inverse) after the constraint adjustment. Using the pseudo-
nverse ensures that the offset is local-optimal –this is in contrast to setting � to the

inimum observed value in x′ , a common heuristic in NNLS.
d Actuators B 208 (2015) 245–257

the solution vector, and the NNLS process is repeated; otherwise,
the process is terminated. A flowchart of the overall process is illus-
trated in Fig. 2a.

3.3.1. Multi-modality: tracking multiple solutions
The NNLS algorithm generates a single solution, which is prob-

lematic for two reasons. First, the underlying linear problem is often
ill-defined since only a few wavelengths F are measured; this is
particularly severe at the beginning of the sensing process. Sec-
ond, the process of wavelength selection requires a training set of
mixtures from which to rate individual wavelengths. To address
these issues, our approach wraps the NNLS algorithm around a
multi-modal loop to generate multiple solutions. In contrast with
heuristic multi-modal optimization techniques, which use random
seeds for the search [39], our algorithm takes advantage of the gra-
dient information (Vx = AT ( b − Ax)) and the closed-form solution
of ordinary linear least squares (i.e., the pseudo-inverse), which
significantly improve computational efficiency. Starting with an
all-zero solution vector x, the algorithm selects the top M entries
(according to their gradient ∇ x), and transforms each into a feasi-
ble solution, as described earlier – see Eq. (4). The result is a set of
M solutions with one non-zero entry (i.e., a single chemical). The
best N of these M solutions according to their sum squared error
(ε = b(F) − A(F, :)x′2) are saved to the candidate pool, and used as
seeds for the next step to yield N × M solutions with 2 non-zero
entries (i.e., two chemicals). The best N of those according to their
error ε are added to the pool, and used as seeds for the next step
(solutions with 3 non-zero entries). The process continues until the
candidate pool contains a solution whose error ε is below a pre-
specified threshold; duplicate solutions, which may  occur due to
the parallel searches, are removed in a final step. Parameters M and
N are set by the user depending on the computing resources avail-
able. A flowchart of the resulting MM-NNLS algorithm is shown in
Fig. 2b.

3.4. Wavelength selection

The MM-NNLS algorithm returns a pool of candidate solutions,
where each solution represents a mixture by its concentration vec-
tor across all chemicals in the library. Thus, each concentration
vector xi can be used to reconstruct the full spectrum of the corre-
sponding mixture:

bi = Axi (5)

It is this collection of spectra that can be used as a “training
set” for wavelength selection. Caution must be exercised, however,
because these spectra are synthesized from solutions xi that were
obtained by fitting a small number of absorption wavelengths b(F)
– see Eq. (3). As a result, there is the distinct possibility that some
of the solutions overfit the noisy measurements b( F). This is par-
ticularly problematic at low concentrations, where measurement
noise can dominate the sensor response, which may lead the MM-
NNLS algorithm to include additional entries (i.e., chemicals) in the
solutions.

We illustrate this problem with an example. For this purpose,
we randomly selected a binary mixture from a spectral library con-
taining 500 chemicals, then randomly sampled absorption at 20
wavelengths, and added 1% white noise to each of the 20 measure-
ments – refer to Section 5 for details on the spectral library. Then, we
allowed NNLS to generate a number of solutions. Results are illus-
trated in Fig. 3b, with solutions ranked according to the sampled

error (ε̂ = b(F) − A(F, :)x2), as well as the true error (ε = b − Ax2)
with respect to the noise-free ground-truth full spectrum (assumed
known in this case). Fig. 3a shows the solution x1 with the lowest
sampled error ε̂1, and the solution x2 with the lowest true error ε̂1.
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configuration for a tunable IR sensor consists of a Fabry-Perot inter-
ferometer (FPI) atop a broadband IR pyroelectric detector [43]. An
FPI contains two partially transmitting movable mirrors facing each
other at a distance d, forming an optical gap characterized by the
50 J. Huang, R. Gutierrez-Osuna / Sens

he mixture). To address this issue, we rank solutions based on the
kaike information criterion (AIC), an information-theoretic mea-
ure that takes into account both error and parsimony [40]. The AIC
core can be computed as:

ICi = −2 log Li + 2Vi (6)

here Li is the likelihood for candidate model i, and Vi is its number
f free parameters (i.e., number of components in the mixture). For
inear regression, assuming the sensor noise at each measurement
s uncorrelated with the sensor noise of previous measurements,
he formula can be further simplified as [41]:

ICi = n × log

(
ε̂i

n

)
+ 2Vi (7)

here ε̂i is the number of measured wavelengths, and ε̂i is the sum-
quared error for model i, i.e., ε̂i = b(Fi) − A(Fi, :)xi2. It is these AIC
cores that we use to rank candidate solutions, following conver-
ion into likelihoods [40]:

i = e−1/2�(AICi) (8)

here �(AICi) is the difference in AIC scores between model i and
he best candidate: �(AICi) = AICi − min

∀i
AICi. We  then normalize

he weights to ensure they add up to one:

i ←
wi∑
∀iwi

(9)

.4.1. Selection criterion
A number of traditional selection criteria (i.e., maximize corre-

ation, goodness of fit, mutual information [36]) can be used at this
oint to determine the next wavelength to be sampled. In prior
ork [35] we used variance as a measure of uncertainty, choos-

ng as the next measurement the wavelength having the highest
ariance across spectra in the solution pool

{
bi|∀i

}
:

opt = max
�j|∀j ∈  [1N]

{�2{bi(�j)|∀i}} (10)

here �opt is the next wavelength to be sampled, bi(�j) is the (esti-
ated) absorption at wavelength �j for mixture solution i, and �2

s the variance operator. As shown in Appendix A, the variance at
ach wavelength is an approximation of the misclassification risk.
hus, by selecting the wavelength with largest variance the algo-
ithm can be viewed as minimizing the risk of choosing the wrong
andidate.

However, this approach treats all candidate solutions equally,
egardless of their fitness. To address this issue, we  then weigh
ach candidate solution as:

opt = max
�j|∀j ∈  [1N]

{�2
W {bi(�j)|∀i}} (11)

here �2
W is the weighted variance, which can be calculated as:

2
W (x) = 1

1 −
∑

iw
2
i

N∑
i=1

wi(xi − �W )2 (12)

nd �W is the weighted mean, calculated as:

W =
N∑

i=1

wixi (13)

.4.2. Balancing exploitation and exploration

During the initial stages, when only a few measurements are

vailable, the sampling process can be dominated by a few solu-
ions. Whenever this happens, the algorithm invests a large number
f measurements to investigate a narrow region of the spectrum
d Actuators B 208 (2015) 245–257

(i.e., to discriminate among the few early solutions) rather than
explore the global structure of the spectrum in search of new candi-
dates. This often leads to premature convergence. To guard against
this problem, our implementation includes a parameter �2 that can
be used to adjust the spread of the AIC weights:

wi = e
−�(AICi)

2ς2 (14)

Selecting �2 is non-trivial, as its value reflects on the credibil-
ity of the estimated solutions. If �2 is small, the solutions will be
weighted aggressively, and active sensing runs the risk of prema-
ture convergence to a suboptimal solution. In contrast, if �2 is large,
the weights become uniform regardless of how different they were
before normalization, which may  lead to irrelevant features being
introduced. Thus, the weighting scheme controls how many solu-
tions to consider for the next measurement, a trade-off commonly
referred to as the exploration–exploitation dilemma [42].

To balance this exploration–exploitation dilemma, we propose
an entropy-guided method that adjusts the offset parameter �2

such that the entropy of the weight landscape H( WO) remains con-
stant. Assuming l candidate solutions, the highest entropy (log(l))
is achieved when the weights are uniformly distributed, whereas
the lowest entropy5 (0) is obtained when only one of the l solutions
has a non-zero weight. Finally, we select a value between these two
extremes:

Ḣ = (sup{H(W )} − inf{H(W )})  ̨+ inf{H(W )}
= (log(l) − 0)˛  + 0 =  ̨ log (l) (15)

where the multiplier a (0 ≤  ̨≤ 1) controls the balance between
exploitation and exploration: i.e.,  ̨ = 0 leads to extreme exploita-
tion whereas  ̨ = 1 leads to extreme exploration. In the studies
reported here, we  use  ̨ = 0.5 to balance exploration and exploita-
tion. Once the desired entropy Ḣ has been fixed, the last step
is to find the corresponding parameter �2. Since entropy grows
monotonically as �2 increases, this can be easily done with a
continuous linear binary search; see Algorithm 1.

4. Validation on experimental data

4.1. Experimental setup

As a first step, we validated the active wavelength selection algo-
rithm experimentally on a tunable IR sensor prototype. A typical
5 sup{H(W)} = −
l∑

i=1

1
l

log
(

1
l

)
= log (l) inf{H(W)} = −1 log (l) = 0.
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Fig. 4. Basic setup for an FPI: the optical path starts with the collimated IR radia-
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Table 1
List of chemicals used in the experiments, and their major components.

Chemical Components

Propanol Propanol
Acetone (background) Acetone
Ethyl alcohol Ethyl alcohol
Isopropyl alcohol Isopropyl alcohol
Tert-Butyl alcohol Tert-butyl alcohol
Air Air and sensor drift
s  absorbed at different wavelengths depending on the sample; the focusing lens
ollects the transmitted radiation onto the FPI sensor, which can be tuned to sample
ne individual wavelength at a time.

efractive index n; see Fig. 4. As incoming radiation bounces back
nd forth between the mirrors, only a small portion is transmit-
ed; if these reflections are out of phase, a destructive interference
ccurs. Thus, only radiation satisfying the resonance condition
m = 2nd cos ˇ/m can be transmitted (where m can be any positive

nteger and  ̌ is the angle of incidence). By changing the distance
 between the two mirrors, one can selectively transmit certain
avelengths, and the device becomes a tunable IR sensor.

As illustrated in Fig. 4, to measure IR absorption we  place the
nalyte sample in a gas cell, illuminate the sample with a broadband
R source, and measure the energy I transmitted through the cell.
he absorbed energy is then calculated with respect to the energy

0 of a reference sample (air) sampled beforehand:

 = − ln
(

I

I0

)
(16)

Based on Beer’s law, the absorption  ̨ is proportional to the
ength of the gas cell l and the analyte concentration c:

 = εlc (17)

here ε is the molar extinction coefficient of the sample. With the
ell of fixed length, absorption then becomes a linear function of
he analyte’s concentration.

For the experiments described here, we used a long-wave FPI
ensor (LFP-80105, Infratec, Inc) with 107 tunings (absorption
ines) in the range 8 − 10.5 �m,  coupled with a collimated broad-
and IR source (INTX 20-1000-R; Intex Inc.) modulated at 10 Hz and
0% duty cycle. We  mounted a 10 cm gas cell (66001-10A; Specac
nc.) with ZnSe window (602L08; Specac, Inc.) and a ZnSe focus-
ng lens (LA7542-F, Thorlabs Inc.). The FPI, IR source and sample
ell were mounted onto an opto-mechanics fixture (Thorlabs Inc.)
o ensure precise alignment. The FPI device was controlled using

atlabTM through a USB evaluation board provided by the vendor.
The sample delivery system is illustrated in Fig. 5. Vapors from

he headspace of 30 mm glass vials are delivered using negative
ressure with a pump connected downstream from the sample
ell. The pump is modulated at 0.125 Hz with 20% duty cycle to
void exhausting the headspace and keep the sample concentration
elatively stable. Two diluters (1010 precision gas diluter, Custom
ensor Solutions, Inc.) independently mix  the foreground and back-
round sample vapors with dry air. Since water and carbon dioxide
ave major peaks outside of the sensor’s range, air has a negligible
ontribution to the spectrum.
Eight different volatile commercial chemicals that show absorp-
ion peaks in the range of our sensor (8 − 10.5 �m)  were used for
he experiments; see Table 1. Of those, acetone was chosen as the
trong background because it has the strongest absorption peak

Gas cell

Air
oreground

Pump

ackgr oun d

Desicca nt

Diluter

Diluter

Fig. 5. Schematic diagram of the headspace vapor sampling system.
Denatured alcohol Ethyl alcohol, methanol
Brush cleaner Raffinates, acetone, methanol
Lacquer thinner Toluene, methanol, hexane, light aliphatic naphtha

of all. The remaining seven chemicals were randomly chosen as
the weak foreground. Experiments were conducted in a laboratory
environment at a temperature of 22.2 ◦C and standard atmospheric
pressure of 760 mmHg.

To illustrate the signal-to-noise ratio that is achievable with the
FPI, Fig. 6 shows the full spectrum (107 spectral lines) for a sample
of isopropyl alcohol at 2.5% dilution in dry air. Sensor measure-
ments are shown as circles. Passing the full measured spectrum
to the NNLS solver in Eq. (2) with A107×9 (8 chemicals plus off-

set) returns a solution vector [xT ı]
T
. Multiplying this solution by

the library matrix yields the smooth spectrum b = [A 1][xT ı]
T

and
reconstructed baseline ı shown in the figure. Despite the high level
of noise present in the measurements (notice how most measure-
ments are negative, an indication of emitter drift), the solver is able
to recover a non-negative baseline and a solution whose spectrum
matches that of the ground truth. To estimate the signal-to-noise
ratio, we calculate the ratio between the median predicted absorp-
tion and the root mean square (RMS) of the error:

SNR = median{b} − ı√
1
N

∑j=1
N (b(j) − b′(j))2

(18)

where b is the reconstructed spectrum, b′ is the actual measure-
ment and ı is the offset; notice that the absorption is adjusted
by the offset ı to represent the actual absorption. The resulting
SNR of 17.4% illustrates the degree of noise under which the active
wavelength selection algorithm has to operate.

4.2. Experiment 1: test case

In a first experiment, we illustrate the performance of the
active wavelength selection algorithm on a two-chemical mixture
problem containing acetone at 2.5% dilution as background, and
isopropyl alcohol at 5% as foreground. Fig. 7a shows the full spectra
of the background, foreground and the final mixture; circles repre-
sent the actual measurements that took place during the sensing
process. The background chemical shows a major peak at 8.3 �m,
while the foreground has a minor peak at 8.8 �m. Fig. 7d shows the
rank of the correct solution as iterations progress; the correct solu-
tion is added to the pool at the 5th measurement, and is confirmed
(ranked #1) at the 20th measurement.

Fig. 7c shows the total number of solutions considered by the
algorithm as the iterations progress, whereas Fig. 7b shows the
distribution6 of selected wavelengths prior to and after the 20th
measurement. We  observe a typical two-stage pattern emerging
from the active sensing process: at first, the algorithm performs a

broad sampling of absorption peaks for both chemicals (the explo-
ration stage), then performs a focused search on spectral details
and smaller peaks to confirm the identity of the weaker chemical

6 This distribution was obtained by applying a Gaussian kernel with 0.1 �m
standard deviation to smooth the discrete distribution of measurements.
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ig. 6. Spectrum for a sample of 2.5% isopropyl alcohol: actual measurements (red
green  solid line).

the exploitation stage). The most selected wavelength is around
.8 �m,  which is consistent with an absorption peak for the weak
oreground chemical. It is important to note that this shift from
xploration to exploitation is not programmed but rather an emerg-
ng behavior of the algorithm, driven by the lower SNR from the

eak foreground contributing to most of the uncertainty, which
he algorithm seeks to minimize.

.3. Experiment 2: active vs. passive

In a second experiment, we compared the active wavelength
election algorithm against a “passive” baseline algorithm based
n sequential forward selection [44]. The passive algorithm selects

 fixed subset of wavelengths that best represents the aver-
ge absorption spectrum across all chemicals in the library: b̄ =

1
C

C∑
i=1

A(:, i). The passive algorithm works as follows:

 The first wavelength �1 is selected (deterministically) as the one
with the highest variance in absorption across all chemicals in the
library: �1 = max

�j|∀j  ∈ [1N]

{�2{A(:, i)|∀i}}.
 To select the second wavelength �2, the passive algorithm esti-
mates the concentration of each individual spectrum in the library
to fit that first measurement b̄(�1); doing so exposes variance at
other wavelengths but the first one–which can be fitted with zero
error. The second wavelength is then selected as the one with the
highest weighted variance across all newly fitted one-chemical
spectra.
 To select the third wavelength �3, the passive algorithm randomly
generates 10,000 two-chemical mixtures to fit the two measure-
ments b̄([�1�2])T , and selects the wavelength with the highest
weighted variance across the 10,000 fitted mixture spectra.

ig. 7. Test case with acetone as background and isopropyl alcohol as foreground. (a) Bac
nd  after confirming the ground truth (20-th iteration); (c) Total number of solutions gene
1  (horizontal red line).
s), estimated solution (blue), zero baseline (green dash line) and estimated offset

- The process is repeated until the desired number of wavelengths
has been selected: to select the (n + 1)th wavelength, the pas-
sive algorithm randomly generates 10,000 n-chemical mixtures
to form a full-rank linear system to fit all previous measure-
ments. This ensures that neighboring wavelengths, which are
generally correlated to those already selected, are not selected
before the whole range of the spectrum has been sampled at least
once. This idea of decorrelating observations is common in pas-
sive wavelength selection methods such as successive orthogonal
projection [5].

In contrast with the passive algorithm outlined above, our active
algorithm requires no training. To ensure a fair comparison, both
methods used the same evaluation function and solver, and were
stopped after 20 sensing steps. To measure performance, we  com-
puted the rank of the correct solution among those returned by the
MM-NNLS solver, averaged over all tests cases. The lower the aver-
age rank, the better the method, i.e., a rank of one indicates that
the solver has placed the correct solution as the first one in its pool.
As a supplementary measure we  also used the classification rate,
measured as the percentage of trials where the correct solution was
ranked as #1.

To perform the comparison, we  randomly selected 5 chemicals
as foregrounds and diluted them at multiple levels while keep-
ing the background acetone at 100% concentration. Each sample
was tested 5 times at dilutions ratios of 1/50, 1/33, 1/20, 1/10 and
1/5, for a total of 125 tests samples (5 chemicals × 5 dilutions × 5
replicates). Fig. 8 shows the average classification rate (1 if the
correct solution is ranked as #1; 0 otherwise) and the average rank-
ing of the correct solution achieved by both methods. There is no

significant difference at dilution ratios above 1/20; at such con-
centrations the problem becomes trivial, and both approaches can
find the correct solution with only 4–5 measures. At low concentra-
tions, however, active sensing outperforms its passive counterpart

kground, foreground and the mixture; (b) Sampling frequency distribution before
rated, 20-th iteration (vertical red line); (d) Ranking of the correct solution, ranking
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ical components. In this case, the noise level was  fixed at 1%
of the median value of all absorption spectra in the library. As
the difficulty of a mixture problem can vary dramatically (i.e., a
lgorithms as a function of the foreground dilution ratio. (b) Average ranking of
he  correct solution as a function of the foreground dilution ratio; the dashed line
epresents a ranking of one, indicating that the correct solution was  found.

n terms of classification rate, and more significantly when consid-
ring the average ranking of the correct solution. At the lowest
ilution ratio (1/50), active sensing ranks the correct solution as #3
n average, whereas the passive algorithm ranks it at #16. This is
argely because active sensing samples the most informative wave-
engths repeatedly, avoiding the introduction of new irrelevant

avelengths. This results in a much more compact feature set and,
s a consequence, fewer distortions due to noise are introduced to
he solver.

.4. Experiment 3: analyzing the exploration-exploitation
radeoff

In a third experiment, we evaluated the effect of the entropy
etting for the AIC weightings described in Section 3.4.2. For
his purpose, we randomly picked one chemical five times as
he foreground (out of seven chemicals) while keeping the back-
round fixed (acetone). To make the problem more challenging,
he foreground/background ratio was set to 1/20 (i.e., background
wenty times stronger than foreground). For each of the five fore-
round cases, we ran experiments with five different AIC weighting
ntropies of 0.1, 0.3, 0.5, 0.7 and 0.9; settings of 0 (converge to
he first solution found) and 1 (never converge) were not consid-
red since they lead to trivial strategies. Each setting was  tested
en times for each foreground, for a total of 250 experiments (5
hemicals × 5 dilutions × 10 replicates), or 50 experiments for each
ntropy setting. From these experiments, we then counted the
umber of tests for which the correct solution appeared in the can-
idate pool (NFIND) and the number of tests for which the correct
olution ranked as #1 in the pool (NCONF). Denoting the total number
f tests by NTOT, we then calculated three measures:

1) The discovery rate, measured as the proportion of times that
the correct solution is included in the pool (NFIND/NTOT),

2) The resolution rate, measured as the number of times the cor-
rect solution is confirmed given that it was included in the pool
(NCONF/NFIND), and

3) The confirmation rate, measured as the proportion of times the
correct solution is selected (NCONF/NTOT)

Results are shown in Fig. 9. When the algorithm uses a higher
xplorative setting, the discovery rate in Fig. 9a increases, but at the
ost of reducing the confirmation rate in Fig. 9b. The final classifica-
ion rate shows an asymmetric inverted U curve, suggesting that a
radeoff between exploitation and exploration may  be found at an

ntropy setting around 0.5. Interestingly, as shown in Fig. 9c, too
uch exploitation appears to be more dangerous than too much

xploration. In our case, extreme exploitation leads the algorithm
o stop gathering information prematurely, eliminating any chance
d Actuators B 208 (2015) 245–257 253

of discovering the correct solution; in contrast, extreme exploration
will tend to evaluate the whole spectrum, with repeated sampling
to compensate for noise, allowing the algorithm to slowly converge
to the correct solution.

5. Validation on synthetic data

To provide a more thorough evaluation than what can be
afforded experimentally, we  also analyzed the active wavelength
selection algorithm on a large dataset of synthetic IR spectra.
The dataset consisted of FTIR spectra (660 spectral lines) from
500 chemicals in the NIST Webbook infrared absorption spectrum
database [45]. To simulate the spectral resolution of FPIs, we  con-
volved the FTIR spectra with a Gaussian filter of 0.1 �m spread,
and added white noise (details included in Section 5.1) to each
individual wavelength. Each spectrum was  normalized to sum up
to one. For the subsequent experiments, we  compared the pro-
posed active wavelength selection algorithm against the passive
algorithm described in Section 4.3. In all cases, we allowed the
algorithms to sample each wavelength multiple times.

5.1. Binary mixtures

In a first experiment, we tested the algorithm on a similar two-
chemical mixture problem as in Section 4. However, instead of
using a fixed background, both foreground and background were
randomly chosen from the library. We  then evaluated the algorithm
at increasing levels of difficulty by adding Gaussian noise with
standard deviation from 0% to 35% of the median value of the com-
plete absorption spectrum library. We  also evaluated the algorithm
as a function of the degree of collinearity between the foreground
and background analytes, measured as the condition number of the
column matrix containing the spectra of the two  chemical com-
ponents in the target mixture; the higher the condition number,
the more collinear the two  chemical are. Fig. 10(e–h) illustrates
pairs of spectra at different condition numbers: for lowest condi-
tion number7 the two  spectra are nearly orthogonal, whereas for
the highest condition number all major peaks from both chemicals
overlap.

To measure performance, we considered the number of iter-
ations (wavelength measurements) required for the algorithm to
converge to the correct solution, with convergence strictly defined
as the correct solution being ranked as #1 among all solutions and
being 10 times more likely than the second most likely solution.
Results are shown in Fig. 10(a–d). At low noise levels, there are
no significant differences between both algorithms. As noise lev-
els increase, performance degrades for both algorithms. The effects
of noise are considerably amplified by collinearity: when the two
spectra are very dissimilar (condition number close to 1) noise has
minimal impact, whereas for similar spectra (condition number
of 10), the number of required steps increases significantly with
noise. The active algorithm consistently outperforms its passive
counterpart in all cases.

5.2. Higher-order mixtures

In a second and final experiment, we  tested the algorithms
on higher-order mixture problems containing up to 15 chem-
badly conditioned two  chemical mixture can become unsolvable),

7 The lowest condition number for any two pairs of chemicals in our library is 1.2.
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e designed a mixture construction policy so that the chosen
roblems would not be arbitrarily easy or hard. For this purpose,

nstead of condition numbers we used a random wavelength-
election algorithm to rate the difficulty of one hundred randomly
elected 15-chemical mixtures, and selected five mixtures that
ould be correctly classified 1 − 10% of the times using a maximum
f 200 randomly selected measurements; this ensured that the
ighest-order mixture problems were solvable but non-trivial. For
ach of these five 15-chemical mixtures, we sequentially removed
ne component at a time to form chemical mixtures of lower order;
his process ensured a graded transition in problem complexity
rom hard to easy. For each of the resulting 45 mixtures (15 × 5),
e evaluated the active and passive algorithms 40 times, each

ime with different added noise, for a total of 3000 cases.
Results are shown in Fig. 11 in terms of the number of measure-
ents needed for the correct solution to be ranked as #1, up to a
aximum of 200 measurements. Since the noise level is low (1%),

here is no significant difference between active and passive algo-
ithm for problems with up to four chemicals. With five or more

number of components in the mixture

Fig. 11. The number of steps used to converge to the correct solution with mixture
problems up to 15 chemicals.
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hemicals, the active algorithm gradually outperforms the pas-
ive algorithm. As expected, the number of measurements needed
rows exponentially for both algorithms with the number of chemi-
als, but the active algorithm can solve a significantly more complex
roblem than its passive counterpart for a fixed sensing budget.
s an example, given 100 measurements the active algorithm can
olve an 11-chemical mixture problem whereas the passive algo-
ithm can only solve an 8-chemical problem at best. Likewise, to
olve a 9-chemical problem the active algorithm requires 70 mea-
urements on average, whereas the passive algorithm requires 130
easurements.

. Conclusions and discussion

We  have proposed an active wavelength selection algorithm
or mixture analysis with tunable chemical sensors. The algorithm
ses a multi-modal solver to maintain a pool of likely candidate
olutions based on previous measurements, then selects its next
avelength as the one which maximizes discrimination among all

he candidates in the pool. To address the ill-conditioned nature
f the problem, the algorithm promotes sparse solutions with two
omplementary strategies. First, the algorithm adds mixture com-
onents to the candidate solutions in an incremental fashion, from
ingle analytes, to binary mixtures, to ternary mixtures, and so on.
econd, the algorithm promotes sparse candidates by means of a
eighting function based on the Akaike information criterion. To
revent the search from converging prematurely, the algorithm
lso uses an entropy-guided normalization method that rebalances
he AIC weights such that the strongest candidate solutions do not
ominate the wavelength-selection process during the early stages.

The algorithm is first validated experimentally on binary mix-
ure problems with a Fabry-Perot Interferometer. Our results
how that active wavelength selection outperforms its pas-
ive counterpart, particularly at low concentrations and low
oreground-background ratios. We  also characterized the algo-
ithm on synthetic data at increasing levels of ill-conditioning and
igher-order mixtures, and compared it against a passive algo-
ithm. Active wavelength selection provides higher and more stable
erformance than passive selection, and more importantly, shows
igher tolerance to noise and collinearity. Compared against pas-
ive wavelength-selection techniques, which require retraining if
dditional chemicals are added to (or removed from) the library,
ctive wavelength selection can also be trivially adapted to prob-
ems of varying library sizes.

Correlation between neighboring wavelengths can make the
ibrary matrix A(F, :) close to singular. In practice, however, the
ystem rarely selects neighboring wavelengths before the under-
ying linear system reaches full rank: once observations have been

ade at certain wavelengths, the NNLS solver will fit the candidate
odels at those measurements with zero error because the system

s under-determined. As a result, variance at those wavelengths
ill be minimized, and so will be the variance at neighboring
avelengths, significantly reducing the chances that they will get

elected at the next iteration. It is not until the linear system
ecomes full rank that the algorithm begins to sample neighboring
requencies to average out noise.

. Future work

Heavier penalties on model complexity may  be applied by
eplacing the AIC in our current implementation with the Bayesian

nformation criterion (BIC) [46]. In contrast with the AIC, which uses
he penalty term 2V, BIC penalizes model complexity according to
log (n),  where n is the number of measurements. As a result, BIC
laces increasing penalty as additional measurements are taken,
d Actuators B 208 (2015) 245–257 255

making it more useful when the sampling becomes dense. Alterna-
tively, both scores may  be used in combination to obtain a stronger
indicator of fitness (i.e., when both criteria agree).

Our framework is not limited to sequential sensing with tun-
able devices, and may  be used with conventional spectroscopic
instruments. In this case, one would measure the complete spec-
trum, and use active wavelength selection to select a few measured
wavelengths (discarding the rest) to improve the numerical condi-
tioning of the solution pool. The process (measure full spectrum,
then actively select wavelengths) would be repeated until the best
solution in the pool dominates other solutions, e.g., its AIC score is
N times larger than that of the second solution. Such an approach
would be particularly useful when the sample has unknown iden-
tity, since the framework automates the process of accurately
identifying and quantifying the sample without the need for addi-
tional training.

Work is underway to extend the active wavelength selection
framework to the problem of tracking chemical mixtures, i.e., when
concentrations in a chemical mixture are constantly changing. For
portable and tunable devices such as FPI-based sensor, this opens
the door for a wide range of real-world applications.
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Appendix A.

In order to reduce computational costs, the variance of each
wavelength across all candidate observations in Eq. (10) is used as
an approximation of the misclassification risk. Assume the binary
classification problem illustrated in Fig. 12. Using Bayesian decision
theory [47], its misclassification risk �  can be calculated as:

�  = C12P12 + C21P21 (19)

where Cij is the cost of wrongly assigning a sample to class j when
i is the correct class, Pij is the probability of such misclassifica-
tion: Pij =

∫
	ij

p(x)dx, and 	ij represents the region where such

misclassifications may  occur (see Fig. 12). Assume that the noise
in observation space is independent and normally distributed, and
that both costs are equal (C12 = C21 = C). Since the two  distributions
are symmetric relative to the classification boundary, the misclas-
sification risk is monotonically related to the distance between the
two means (�1, �2):
Fig. 12. Misclassification risk of a binary classification problem.
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here �(*) is a monotonically increasing function. Intuitively, this
eans that the further the two Gaussian means are, the easier the

inary classification problem is.
In our case we have M candidates, so the problem becomes one

f M − ary classification with total misclassification risk given by:

 =
∑
∀i,j,i /= j

C × Pij ∝ −
∑
∀i,j,i /= j

˚
( |�i − �j|

2

)
(21)

This computation is expensive when M is large, as is our case.
owever, since ˚(*) is monotonic, there also exists a monotonic

unction G(∗) = �(
√∗/2) such that( |�i − �j|

2

)
= ˚

(√
|�i − �j|2

2

)
= G(|�i − �j|2) (22)

Using the 1st order Taylor approximation: G (z) ≈ G (0)+
′
(0)× z, we have:

 ∝ −
∑
∀i,j,i /=  j

˚
( |�i − �j|

2

)

≈ −

⎛
⎝G(0) + G′(0) ×

∑
∀i,j,i /=  j

|�i − �j|2
⎞
⎠ ∝ −�2(�) (23)

here �2(�) is the variance defined in Eq. (10). Thus, by selecting
he wavelength with maximum variance we minimise the misclas-
ification risk.
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