J. Europ. Opt. Soc. Rap. Public. 8, 13008 (2013)

WWW.]€0S.0rg

Passive scene imaging of absorbing gases by
narrowband dielectric filter modulation
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This paper examines a method for locating within a scene a distribution of an absorbing gas using a passive imaging technique. An
oscillatory modulation of the angle of a narrowband dielectric filter located in front of a camera imaging a scene, gives rise to an intensity
modulation that differs in regions occupied by the absorbing gas. A preliminary low cost system has been constructed from readily available
components which demonstrates how the location of gas within a scene can be implemented. Modelling of the system has been carried
out, especially highlighting the transmission effects of the dielectric filter upon different regions of the image.
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1 INTRODUCTION

Absorption spectroscopy uses specific and unique absorp-
tions within the visible and infra red regions of the spectrum
to identify the presence and quantity of specific chemicals.
Optical spectroscopy of gases can achieve trace level detection
[1] but this is normally through an active process where the
scene is illuminated by a laser [2]. The use of high intensity
tunable sources such as lasers makes this possible but often
this leads to other limitations such as a small sampling vol-
ume, limited field of view and finite range, to say nothing of
concerns such as eye safety, power consumption, covertness
and cost. Although target gas concentration levels may be
low, the absorption paths can be very long (kms) enabling
detection at high sensitivity [3].

Passive techniques [4] rely on changes in the background light
levels to expose the presence of the absorbants. Correlation
spectrometry is one such passive technique that has been
used for measuring trace amounts of atmospheric pollutants
such as sulphur dioxide emitted in plumes from volcanoes
[5]. More recently this technique has been overtaken by the
use of compact miniature spectrometers where the size reduc-
tion offers benefits to practical applications of atmospheric
monitoring [6, 7].

The use of passive techniques can be difficult due to low
light levels (compared to a laser) however there are some
significant advantages. With a passive imaging system a wide
field of view can be examined constantly without the need
for complicated scanning, and thus providing an image of
the scene ‘as is’ rather than being reconstructed. Dispersive
elements coupled with 2 dimensional imaging can be used
to tie together spectral information with spatial distribution
[8]. A coded aperture based spectral imaging system capable
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of resolving into closely spaced (approx 10 nm) spectral
windows has been demonstrated operating across the visible
band [9, 10]. Video capture and processing technology has
been used for imaging anthropogenic gas distributions
[11]-[13] such as NO, and SO, which has the potential to be
useful from satellites.

The motivation behind this work is to produce a low cost
technique that is simple to implement and does not require
large amounts of reconstruction or data processing. The prin-
ciple behind the work presented here is to make use of a tun-
able bandpass filter with a narrow transmission bandwidth,
building upon work presented in [14] The filter can be pro-
gressively tuned across an absorption feature of the target
gas such that the feature falls outside of the transmission
profile. Assuming the intensity of background light is essen-
tially constant over the tuning range, an intensity difference
in the bandpass transmission will result. By oscillating the fil-
ter across the absorption an intensity modulation can be in-
duced when the transmitted light has travelled via the absorb-
ing gas. This technique is normally performed by tuning the
source, such as in DIAL or tunable diode laser spectroscopy
[2]. By tuning a suitable filter this technique can be applied
to an entire image and from this the modulation of regions
or individual pixels can be used to detect regions of a scene
containing the absorber. However tunable filters with a suit-
ably narrow bandwidth(<10 nm) are not available. Astronom-
ical spectroscopic applications have used tunable Fabry Perot
etalon cameras [15, 16] for imaging with spectroscopic infor-
mation such as regional velocity. However these devices are
fragile and expensive with very narrow bandwidths. There-
fore, the approach proposed here utilises a well established
optical technique [17] of tilting a dielectric interference filter
to translate the pass band to shorter wavelengths. The filter
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FIG. 1 The integrated absorption cross section for NO, as seen through a narrowband
filter as a function of tilt angle and filter spectral bandwidth. The central transmission

wavelength of the filter is also presented using the right hand scale.

central transmission wavelength A as a function of tilt angle ¢
is:

2
\@) - A<o>\/1 - (5) sinter g

where n, is the effective refractive index [18]. Tilting dielectric
filters are a cost efficient and in principle, easily implemented
technique and is the basis for the previous work [14].

Nitrogen dioxide is a useful gas with which to test this idea be-
cause it has absorption features in the visible region for which
narrowband interference filters are readily available. Using
data for the absorption cross section of NO; [19] around the
490 nm region the integrated absorption cross-sections seen
through a filter with bandwidths of 1 nm, 3 nm and 10 nm
have been calculated and are shown in Figure 1. The data for
a 1 nm width is equivalent to the intrinsic absorption data for
NO,, whereas the 3 nm and 10 nm spectral bandwidths repre-
sent commercially available filter options. The angle tilt func-
tion as given in Eq. (1) is also shown. From this data it can be
seen that the bandwidth should be of the order of the spac-
ing between spectral features in order that variations in cross
section are not averaged out by the bandwidth being too wide
— as can be seen the 10 nm bandwidth shows less variation
in average attenuation (per nm of bandwidth) than the 3 nm
bandwidth filters.

2 THE SYSTEM

The simplest arrangement for such a system is to locate the
tilting filter directly in front of the camera viewing the scene.
This arrangement works and was demonstrated in [14] al-
though the tilting filter induces an image shift that must be
corrected (either in software or with a counter-tilting trans-
missive plate). However this arrangement leads to compli-
cations in the interpretation of the image modulation which
varies across the scene as follows.

Each point in the image experiences a central filter wavelength

FIG. 2 A diagram representing the relationship between a point in the detector plane

and the filter plane.

dependent upon the angle made to the optic axis and the ef-
fective angle of the filter. The relationship between the detec-
tor and filter planes is defined in Figure 2. The filter is tilted
about the vertical Y axis by an angle 6. The direction chosen
should be considered as the line passing from the image point
in the detector plane through the centre of the lens to the fil-
ter. The angle (¢) between the unit vector of the plane (n) and
the direction vector (d) from a pixel is calculated from the dot
product of the d.n where

n =isin () +j.0 + kcos () (2)

And
d=isin (a) +jsin (B) +kcos () .cos(B) 3)

Resulting in
cos (¢p) =sin (a) sin (8) + cos («) cos (B) cos (8) 4)

For a camera with a known field of view, the angles a and
B are to a good approximation linearly proportional to the
pixel location relative to the centre of the sensor, assuming
this to be the optical axis of the system. Substituting this an-
gle into Eq. (1) the central transmission wavelength as seen by
each pixel can be computed. Modelling for a field of view of
10°with an arbitrary number of pixels we can see the central
wavelength transmitted by the filter varies across the image
(see Figure 3). Thus a modulation between say 0°and 10°will
see a larger wavelength shift on one side of the image, mean-
ing that different parts of the image will be subject to different
spectral modulations. Nevertheless this simple technique of
oscillating a filter placed in front of a camera was attempted
in order to locate an absorbing sample placed in the scene
with a view that variations in temporal intensity could be ob-
served, particularly if the absorbing gas has a large number of
close proximity spectral features, as most molecular gases do.
Results of this approach presented in [14] show the presence
of a cylindrical glass absorption cell in a scene, identified us-
ing several methods of analysing the time series for each pixel
which will be discussed later.

It is of course desirable that each pixel in the image sees the
same spectral modulation as this will lead to more consistent
results and less processing of the final image to account for
position dependent effects. Viewing through a tilted filter is
always going to make this a difficult result to achieve The
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FIG. 3 Central wavelength variation across a field of view of 10 degrees with various
filter tilt angles for a filter designed for transmission at 488 nm with no tilt. The
number of pixels is chosen arbitrarily for ease of calculation. Inset is a two dimensional

representation of the central transmission wavelength contours for a filter tilted at 10°.
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FIG. 4 A schematic diagram of of the experimental setup that focuses through a tilting

interference filter.

ideal situation would be to use a narrowband, tunable filter
capable of transmitting and affecting an entire image without
tilting, but no such cost efficient, readily available technology
is known to the author.

One way of reducing the effect of the offset centre wavelength
varying across the image is to include an additional imaging
lens before the filter, with the filter at the focal plane. The lens
requires a focal length short enough such that angular mag-
nification is less than unity. This has the effect of compressing
the field of view such that the angle of rays passing through
the filter is reduced and the resulting offset of central trans-
mission wavelength is significantly reduced due to the non-
linear relationship shown in Eq. (1).

The experimental arrangement is shown in Figure 4. Fo-
cussing into the filter is achieved using a 50 mm Nikkor cam-
era lens, which allowed the F-number to be controlled which
also controls the spectral width contained within the image.
This lens had the advantage of a large collection area (50 mm
diameter) which was used to concentrate the light through the
smaller 25 mm diameter dielectric filter, thereby producing a
brighter image in the camera. A pellicle beamsplitter is used
to introduce light from an LED into the scene. This is subse-
quently used to correct for the image shifts caused by tilt of
the filter by checking a portion of the scene for the bright cir-
cle from the LED and shifting individual frames to a common
position. The filter is supported upon a servo (Robotis RX 10)

Attenuated region

NO2 Cell

Attenuated region

LED image

FIC. 5 The scene as viewed through a 490 nm filter with a 10 nm bandwidth. Region 1
is a neutrally attenuated region, region 2 is not attenuated and region 3 contains the

absorbing gas cell.

which is being oscillated under computer control via a Lab-
View program. After passing through the interference filter
the light is captured by a USB camera (ThorLabs DCU224C)
with a 25 mm diameter lens (focal length 25 mm) and the
frames stored in a buffer. When a predetermined number of
frames are present in the buffer frame capture is paused while
the frame buffer is corrected for image shift and then the time
series for each pixel is processed. The scene itself contained a
glass cell containing NO,, chosen because it has spectral fea-
tures in the visible part of the spectrum where narrowband
dielectric filters are readily available

Observation of the desired modulation in the time series in-
tensity is complicated by a global intensity modulation across
the image as the filter is tilted. To extract a modulation aris-
ing from absorbing gas present in the image it was felt desir-
able to define a reference signal that represented the modula-
tion where no absorption was present and then compare the
time series for each pixel with this reference signal. In princi-
ple the light from the LED would be well suited for this pur-
pose as it has not originated from within the scene, however
the 3 component structure of a white light LED as used here
shows strong intensity variation between 460 nm and 490 nm,
the spectral region viewed here and hence is not appropriate
for use as a reference. Instead a region of the image known
not to contain the absorbing gas was selected and the average
intensity calculated and used as the reference signal.

3 RESULTS

The scene being viewed consisted of a horizontal cylindrical
absorption cell containing NO; at 400 mBar in a 6 mm diam-
eter tube. The scene was back illuminated through a diffuser
and the cell appeared as a dark stripe in the scene. Additional
horizontal strips of neutral attenuating material were also in-
corporated so as offer a level of comparison between spec-
trally absorbing and neutrally absorbing ‘dark’ features in the
scene. The scene as viewed through the filter is shown in Fig-
ure 5, where the attenuating regions, the LED image and cell
support region( black) can also be seen.

For each pixel location a time series was created from the in-
tensity value in each frame. The time series for each pixel was
constructed after frame realignment had taken place, to com-
pensate for the image shift. Each time series was then nor-
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FIG. 6 The processed scene (cropped to remove the LED region) clearly showing the

absorption cell.

malised by its mean level in order to account for differences
in intensity across the scene. Each normalised time series was
processed to give a single value representing the amount of
modulation in comparison to the reference. A resultant im-
age was then formed from the processed values for each pixel.
Earlier work established that the following statistical compar-
isons between the time series signal (S) and the reference sig-
nal (R) were able to expose absorption based modulations:

The Covariance coefficient:

n . L
cov (S, R) — 2 [(Sz S)] (Rl R) . (5)
i=1
The Pearson Correlation coefficient:
_ cov(S,R)
r(S,R) = 0'57‘713’ (6)

where ¢ is the sample variance. And a covariance operating
on related variables:

cov <S — R, %) . )

This covariant relationship was found appropriate to the
structure of the absorption based modulation. Whilst these
operations can reveal the absorbing-modulating regions in an
image, the values of the resulting scalar coefficients is in gen-
eral small and contrast enhancements of the final processed
image are required to reveal the small difference between the
processed pixel time series. This arises from the tendency for
the both the reference data and the absorption data to cancel
itself when summed over an oscillation period. A more ap-
propriate time series operation is to evaluate the sum of the
differences of the squares

n

f(S,R) =Y (ST—R}), )

i=1

which will only increase over the course of an oscillation pe-
riod and will increase with integration times longer than a sin-

gle period.

Time series processing using Eq. (8) was performed upon the
scene of Figure 5 using a filter with a 3 nm bandwidth centred
around 488 nm. The filter was oscillated with a linear ramp
between 10°and 20°in order to modulate from the lowest ab-
sorption value to a significantly higher value, thus enhancing

Normalised Signals

1.1 —NO2 ——Ref

1.05

0.95

0.9

MNormalised signal

0.85

0.g

1 11 21 31 a1 51 61 71 81 91
Frame Number

FIG. 7 Normalised time varying intensities extracted from a reference region and an

NO, absorbing region.

the scale of modulation depth (see Figure 1). A 3 nm band-
width spectral filter significantly attenuates the input light
levels and long frame integration times limited the frame rate
to 6 frames per second. The filter was typically oscillated at a
rate of 0.5 Hz to ensure sufficient samples (frames) per cycle.
Servo control, video capture and time series processing was
all controlled using a LabView program. The result of the pro-
cessing is shown in Figure 6 where a cropped version shows
the absorption cell clearly as a central horizontal stripe. This
feature stands out with no significant features in the similar
looking attenuated regions. This was intended to show that
dark features alone are not being highlighted by the process-
ing. However, the average intensity of a time series can have
an influence. The narrow bandwidth of the filter results in the
intensity reaching the camera sensor being quite low and in
this case located approximately 95% in the blue channel. Thus
dark objects, such as the support regions for the absorption
cell at the sides of the scene, are dominated by noise (a situ-
ation made worse by the high gain setting needed). Because
the time series is normalised to the mean intensity, the quan-
tisation of noise in very low intensity regions appears as large
changes and can make a significant contribution to the pro-
cessed value of the time series, often significantly stronger
than the absorption effect. To overcome this effect a time se-
ries was zeroed if its mean level was low and its variance was
greater than 20% of the mean.

Time series data captured from an absorbing region and the
reference signal are shown in Figure 7 for an exaggerated tilt
between 0°and 30°and it is clear from this that absorbing re-
gions should show a different signature than regions without
an absorber present. Examination of Figure 1 shows that be-
tween 10°and 20°we would expect the transmitted intensity
from an absorbing region to show maximum fluctuation as
the absorption cross section increases significantly and then
decreases. In comparison with the reference signal the time se-
ries for an absorbing region would show more structure and
this leads to larger values when processed via Eq. (8).

Taking a horizontal line of pixels, which in this case represents
the same scene constitution (i.e. absorber, neutral) the statisti-
cal variance of the time series for each pixel was calculated.
The distribution of variance values at each pixel location for
pixels in a horizontal line within different regions is shown in
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FIC. 8 Time series variance for 3 regions within the scene.

FIG. 9 Processing of the scene containing an NO; cell simply examining the variance

of the time series data.

Figure 8, where the vertical scale of frequency represents the
number of occurrences of the variance values (horizontal axis)
within the line of pixels chosen. Each line of pixels is within
regions 1, 2 and 3 as labelled in Figure 5, corresponding to a
bright region(1) , a dark attenuated region(1) and the NO; ab-
sorbing region(2). It is clear from this figure that the statistical
variance in the NO; region is larger than in other regions. It
is therefore clear that this statistical variance is the underlying
property that is being discriminated when the time series are
processed using Egs. (5)—(8). To confirm this the experiment
was repeated but processing involved just the determination
of the variance of the time series for each pixel location with
the resulting processed image shown in Figure 9.

The focussing effect of the collecting lens through the filter
will effectively broaden the spectral bandwidth. The contri-
bution to the bandwidth can be determined from the half an-
gle calculated from the F-number of the lens and then using
the central wavelength shift from Eq. (1). This reveals that
an F-number of 2.8 has a half angle of 9.8°which produces
an increase in spectral bandwidth comparable to the inher-
ent bandwidth of the filter. A basic model was constructed to
understand the signal variation expected from the effect of an
increased spectral absorption profile.

The signal level S, at a point in the image plane of the cam-
era, originating from a point in the object space will be depen-

Normalised model data

0.9 -

055 | —Signal

—Model

0.8
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101

Frame Number

FIG. 10 Captured and Modelled data for the absorption signal for a filter tilt of 0°-30.

dent upon the following factors: The source radiance function
R(A) which is dependent upon wavelength; The geometrical
collection efficiency of the system G including losses; The fil-
ter spectral transmission function F(A) and the detector effi-
ciency D(A). There is also noise N, arising from shot noise gen-
erated in the semiconductor detector which is a function of the
square root of the signal intensity and readout noise from the
circuitry.

S=R(A)*G*F(A)*D(A) + N(VS)

By considering regions in the object space with similar levels
of intensity, such as the NO, region and a neutrally dark re-
gion the statistical nature of noise in both regions will be the
same and all other contributions are the same except for the
source function. In this case the spectral variation of the ab-
sorption function modifies the source function to give rise to
temporal variation. Therefore the difference in variance arises
from the absorption modulation function. In brighter regions
the relative signal to noise is higher and the variance is lower
for the normalised signals, as can be seen in Figure 8.

According to the specifications the spectral response of the
camera shows a near linear decrease of 40% between 500 nm
and 400 nm. As the angle of tilt of the filter is changed linearly
this results in a non linear variation of central transmission
wavelength and hence in camera response in accordance with
Eq. (1) and this generates the variation seen in the reference
signal. Using tilt angle values for the data in Figure 7 the ref-
erence signal was modelled using Eq. (1) and is a representa-
tion of the detection responsivity. The variation in absorption
signal was generated using the attenuation values calculated
for Figure 1 and using the detection efficiency values obtained
from fitting to the reference. Figure 10 shows the absorption
signal for a filter tilt between 0°and 30° along with the mod-
elled signal expected from the attenuation values. Fitting of
this data was used to determine the effective spectral width of
the system to be 5 nm, with thus a 2 nm width contribution
arising from the focussing effect of the collection lens operat-
ing at F#4, as would be expected from calculation of the half
angle of the marginal rays.
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3.1 CONCLUSIONS

The motivation behind this work was to demonstrate that it is
possible to identify regions of a scene as containing a specific
absorbing material using a relatively low cost method with a
fairly simple implementation — intentionally in contrast to ex-
pensive data intensive methods such as hyperspectral imag-
ing. The work shown here is introductory and intended to
prove the principle of the idea and identify the key charac-
teristics of the technique. The simplest implementation - that
of an oscillating filter in front of a camera - is shown to be
limited by the nonlinear change in transmission wavelength
caused at the extreme angle of filter tilt and the edge of the
field of view. Reducing the angular magnification is effective
but clearly the best approach, where possible, should be to use
a telecentric imaging system before the filter. The choice of fil-
ter central wavelength employed to give the largest discrimi-
nation through changes in absorption cross section would also
be advantageous, in this work the offset of central wavelength
from absorption feature resulted in significant tilt angles. A
better approach would be to use a narrowband electronically
tunable filter, such as a pair of liquid crystal tunable filters
with central wavelengths offset to result in a transmission
bandwidth that is narrower than a single filter, which would
remove the need for mechanical tilting. It is hoped that this ap-
proach can be implemented in the future. However it should
be noted that this adds a significant increase in cost to the sys-
tem and is only applicable to the visible part of the spectrum,
whereas dielectric filters are available well into the infra red,
where many more spectral signatures are to be found. Further
development work is needed to implement the improvement
deemed desirable from this work in order to see the technique
implemented upon a real world scene where it could find use
as an environmental / pollution monitoring tool. Further de-
velopment of the processing technique is required to make use
of the intrinsic statistical nature of the signal and to help de-
termine the detection limits of this technique.
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