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Public Health, University of California, Berkeley, CA 94720; 4School
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This work demonstrates for the first time the feasibility of
computed tomography (CT) reconstructions of pollutant
concentrations in a real room Ssetting. A remote sensing
Fourier transform infrared spectrometer was mounted on a
moving base in a controlled ventilation chamber. A passive
tracer was released from a point source into the room under
constant ventilation conditions. A series of experiments
gathered multiple path-averaged measurements in a two-di-
mensional plane for CT reconstruction. Simultaneous read-
ings were gathered with a multiple-point sampling array for
later comparison to the CT reconstructed concentrations.
Good qualitative agreement between the reconstruction and
point sample data was obtained. Limitations encountered
due to the temporal resolution, size, and geometry of the ex-
perimental apparatus are clearly surmountable with better

instrumentation.
he assumption that indoor air mixes instantly lies at
the foundation of indoor air quality research and
el practice. Standards for building ventilation, re-
search on indoor pollutant concentrations, and the assessment

of human exposures and associated health risks all are based
on this crude assumption. However, because of the experi-
mental and theoretical challenges encountered in studying
mixing in indoor environments, this assumption has not re-
ceived attention commensurate with its importance.
Numerical models for simulating forced and natural con-
vection flow in rooms have been developed recently. These
have been applied to heat and pollutant transport in rooms."”
But owing to the complexity of the models, the simulations
use substantial simplifications of the boundary conditions
that define the flow. Only a few techniques exist, such as
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sonic” and hot wire anemometry, for obtaining detailed
measurements of indoor air flows, and the available experi-
mental data are so sparse that even the simulations undertak-
en with over-simplified boundary conditions cannot be
adequately validated.®

Indoor air mixing and ventilation efficiency are com-
monly studied experimentally using tracer gas tech-
niques.*” These studies have employed either multiple
arrays of pump-and-tube samplers, or a small array of sam-
pling tubes that is moved to various locations in the space
under investigation. Air samples are collected, then ana-
lyzed, to measure the tracer gas concentrations and thus infer
the motion of air and the dispersion of pollutants. The tem-
poral and spatial resolution that may be achieved by this ap-
proach is severely limited. There is no rapid and minimally
intrusive experimental technique for determining room pol-
lutant concentrations over large areas (and thus evaluating
ventilation efficiency, pollutant transport, and mixing).

Steady advances in infrared detection and quantitative
analysis of infrared spectra for airborne pollutants have led
to the development of a new class of direct-reading instru-
ments, based on the remote sensing Fourier transform in-
frared (RS-FTIR) spectrometer. These instruments use an
infrared beam to probe the air and are capable of detecting a
wide variety of contaminant species in situ at concentrations
as low as a few parts per million over path lengths of many
meters.® Such instruments recently have been scaled down
to transportable size and are being used for concentration
measurements of airborne gases in workplaces and out-
doors.”

A fundamental feature of RS-FTIR instruments is that
they provide an integrated measurement of the contaminant
mass in the beam path. This normally is converted to a path
average molar concentration by dividing the measurement
(e.g., ppm-meters) by the known path length. A consequence
of this spatial averaging is that some quantities of interest,
such as the peak concentration along the beam path, cannot
be obtained without additional information on the spatial
distribution of contaminants in the beam.

The aim of the research described here was to demon-
strate by experiment a new method to quantity pollutant
transport using a potentially rapid and minimally intrusive
sensing technique: RS-FTIR detection of a tracer gas cou-
pled with computed tomography (CT). CT provides a set of
numerical techniques for reconstructing the spatial concen-
tration distribution from a set of path-integrated sample pro-
jections through the space. Typically this involves
transforming a set of multiple beam path measurements
passing through a plane at many angles into a two-dimen-
sional grid of pixel values corresponding to local concentra-
tions. CT data processing techniques enhance our
interpretation of raw path integrated measurements by pro-
viding the ability to resolve local concentrations.

This exploratory research demonstrates through a proof-
of-concept experiment that CT can provide a tool to investi-
gate pollutant dispersion indoors. Further development of
this tool could lead to significant advances in indoor atmos-
pheric science by facilitating research on the many factors

that influence indoor air mixing. This approach also has ap-
plications to situations involving source location and identi-
fication.

Quantitative application of near-visible optical tomogra-
phy for gas flows was first reported in 1986.® Experimental
studies have thus far been limited to imaging small areas (on
the order of a few square centimeters).®~'" In the published
literature, optical CT using a laser as a source has been sug-
gested for assessing outdoor airborne pollutants in urban air
basins."*'¥ More recently, CT reconstruction of simulated
indoor gas concentrations was demonstrated assuming ideal-
ized sources and detectors surrounding the perimeter of a
plane cross-section of an industrial workplace.*'%

MATERIALS AND METHODS

An RS-FTIR spectrometer system was mounted on a moving
base in a controlled ventilation chamber. A tracer was re-
leased continuously from a point source into the room under
constant ventilation conditions. A series of experiments
gathered multiple path-averaged measurements in a two-di-
mensional plane for CT reconstruction. The measurement
plane was midway between the floor and ceiling of the room,
1.37 m (4.5 ft) above and parallel to the floor. Simultaneous
readings were gathered with a multiple point sampling array
in the same plane for later comparison to the CT reconstruct-
ed concentrations.

Test Chamber

The test chamber illustrated in Figure 1a was designed to
provide ventilation in a horizontal plug-flow arrangement.
The chamber is described in detail elsewhere so only a brief
description follows."” The 143 m® (5050 ft*) working sec-
tion has two plenums covering opposing side walls to dis-
tribute the supply and exhaust air. Other room walls are
sealed to reduce leakage. Two industrial blowers provide
push-pull mechanical ventilation and have speed regulation
of 1% around the set point. The fans were set for a volume
flow rate through the chamber of about 142 m*/min (5000
ft*), giving a residence time for air in the room of 1 minute
(60 air changes per hour) and a mean velocity of approxi-
mately 10 cm/sec (20 ft/min).

The chamber is equipped with a custom-designed, com-
puter controlled sampling system that sequentially monitors
air concentrations at 14 points. Each sample point is con-
nected by polyethylene tubing to a 3-way solenoid valve and
exhaust manifold. Air samples are drawn continuously at a
rate of 5 cc/sec from each sample line into the exhaust mani-
fold to minimize the delay in response time due to the dead
volume in the tubing. The samples pass into a flame ioniza-
tion detector (FID, Century Instruments, Arkansas City,
Kan.), which provides a 1.0 mV/ppm analog output signal
that is sampled and stored in a computer. The FID has arange
of 0.2 to 2000 ppm with a response time (0 to 90% of full
scale) of about 4 seconds.

Acetone vapor was the tracer gas used in this study. The
vapor was generated by passing 1 L/min dry nitrogen
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through liquid acetone in a 250
mL glass bubbler kept in a
water bath set at 35 °C. Tem-
perature regulation of the water
bath over time was better than
0.1 °C. The bubbler output was
connected to a 4 L glass mixing
chamber and then passed
through polyethylene tubing to
a 2-cm diameter porous-ceram-
ic spherical diffuser, effective-
ly creating a point source. A
needle valve controlled the
flow of nitrogen gas; the flow
rate was measured by a rotame-
ter calibrated with nitrogen.
The source was positioned 60
cm (2 ft) upstream of the geo-
metric center of the room along
the inlet-to-outlet center line
axis, 3 cm (1.2 in) above the
measurement plane (see Fig-
ures la and 1b). An FID sample
port in the exhaust air duct
monitored the generation rate
of the source, which was con-
stant during these experiments.

RS-FTIR Description

FTIR data were collected
using a Nicolet ST-1 FTIR
spectrometer equipped with a
liquid-nitrogen cooled mer-
cury-cadmium-telluride detec-
tor (Nicolet Inst. Corp., Madison, Wis.). The optical bench
was modified by Nicolet for remote optical sensing as de-
scribed elsewhere."® The IR source (1300 °K filament) and
swinging mirror interferometer (2 cm™ resolution) were
mounted together in a cabinet on a tripod, from which
emerged a 5-cm diameter IR beam with a coaxial 1.5 mW
visible laser beam to assist with aiming. The separate tripod-
mounted detector was fitted to a 20-cm diameter Cassagrain
telescope, which collected the IR beam. Sample scanning,
data collection, and spectral analysis were performed using
an IBM-compatible 386 personal computer.

The RS-FTIR was mounted on a specially constructed
translating table attached to a floor-mounted rotational plat-
form on a central pivot (Figure 1a). The source-interferome-
ter and detector were arranged in a straight line 3-m beam
path on the translating stage. A remotely controlled travers-
ing system powered by DC motors positioned the translating
table (and beam path) at 30 cm (1 ft) fixed intervals in order
to gather a set of parallel ray paths forming one projection;
the platform was then rotated to a new position and the tra-
verse repeated to gather a projection at another angle.

The multipoint FID sample array was positioned along a
midline of the rotating platform. Eleven sample points were

FIGURE 1. (a) Isometric view of the test facility, showing the RS-FTIR mounted on the
translating table attached to the rotating base. The FID array was arranged perpendicu-
lar to the beam path and rotated with the base. The source was suspended from the ceiling
at a fixed location 60 cm (2 ft) upstream from the geometric center of the room. (b) Plan
view of the ray path geometry and CT grid used for the reconstructions. Dark dots mark
locations corresponding to FID array sampling points for each projection angle. Arrows
indicate the direction of movement for the translating stage when scanning one of the four
projection angles (0°, 90°, = 45°) defined by the position of the rotating base.
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arranged at 30 cm (1 ft) intervals along a line perpendicular
to the beam path and translating stage. The sample points
were scanned continuously by the computer sampling net-
work. Three additional ports monitored the inlet air, exhaust
air, and a 125 ppm span gas standard. These additional sam-
ples furnished a check on the room background, source
emission rate, and the detector calibration. Each port was
sampled for 10 seconds, followed by a 10 second delay be-
tween samples to preclude any switching artifacts.

Each experimental run consisted of data gathered for
four angular projections (90°, 45°, 0°, and —45°). Each pro-
jection angle resulted in a corresponding fixed position for
the FID array aligned perpendicular to the beam path. The
entire FID array was scanned every 5 minutes and 9 com-
plete array scans were stored in a 45-minute sampling period
for a single projection angle. The individual 10-second read-
ings from the FID sample points were averaged together
over the 45-minute period for each projection angle, and
four of these 45-minute projections constituted an experi-
mental run spanning 180 minutes. Simultaneously with the
FID data collection, the RS-FTIR was positioned at one of
the 9 ray path locations along the projection and averaged
over a 5-minute interval to ensure steady-state conditions.
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At the completion of each projection scan, the platform ro-
tated to a new angle and a new set of ray scans was gathered.

Calibration

The FID was calibrated over a range of 1 to 1500 ppm
using commercially available gas cylinders (Matheson Gas
Products). Two factory analyzed primary gas standards, 100
ppm and 1500 ppm (% 1%) acetone in air were diluted im-
mediately prior to calibration in hydrocarbon-free air to cre-
ate working standards. Dilutions were prepared by
measuring a volume of this air into 20 L Tedlar bags with a
calibrated dry test meter, and then injecting a volume of the
primary gas into the bags with a gastight syringe to obtain
intermediate concentrations of 5, 10, 50, 500, and 1000
ppm.

Quantitative analysis of IR spectra were performed with
a least-squares fit program and a spectral library covering
the range of 4000 to 600 cm™ at 2.0 cm™! resolution. Least
squares quantification used a 53 ppm acetone plus water and
CO, reference spectra, in two analysis windows at
2800-3200 cm™ and 1150-1260 cm™. The spectral library
was obtained from tests with a 10-m gas cell. The choice of
this library and the use of the least squares algorithm for
analysis are described elsewhere.!”

Computational Methods

The FID point data were interpolated using SURFER
(Golden Software, Golden, Colo.) to produce a two-dimen-
sional uniform grid of concentration values. A kriging algo-
rithm was used to find minimum variance estimates of these
grid values. Kriging is a geostatistical technique for estimat-
ing a grid of values from a set of arbitrarily positioned point
measurements that uses the spatial correlation between
points to find minimum variance estimates of intermediate
grid points.®”

Computed tomography comprises a variety of different
numerical methods for reconstructing images from projec-
tions.®" The term “image” is used here in the broadest sense,
referring to a spatial distribution of a measurable physical
property, such as density or temperature,® in a two-dimen-
sional slice of matter. The relative performance of different
CT methods depends on the type of reconstruction algorithm
being used, the characteristics of the distributions being re-
constructed, the sampling density, and the noisiness of the
projection data.

Briefly, the reconstruction was achieved as follows: an
initial guess of the concentration distribution was improved
on in successive iterations by comparing computed ray aver-
ages resulting from the estimated distribution with the mea-
sured ray averages. A dimensionless relaxation parameter
was used to regulate the speed of convergence and ensute
stability against numerical oscillations. The only constraint
placed on the reconstruction was that pixel concentrations
could not be less than zero. Thus, after every iteration pixels
whose concentrations were negative were assigned a value
of zero.

There are two major parts in an iterative CT algorithm:
(1) aformula to calculate corrections to the current estimates

ey
100 200 300 198 50

Z

FIGURE 2. Acetone concentrations obtained from
kriging the FID data

of pixel concentrations based on the discrepancy between
computed and measured ray average concentrations; and (2)
a method for updating the computed pixel and ray average
concentrations. The authors updated all the pixels sequen-
tially, as done in ILST algorithms.®® The formula used to
calculate new pixel concentrations was:

=N,

¢
Cpiv1=Cyi o= 3 (RAM, —RAC, ;)"

P r=1 r

where
C,.;+1 = the concentration in pixel p at the i th iteration
v = relaxation parameter
N, = number of rays passing through the pixel p
RAM, = measured path-average concentration of ray r
RAC, ; = calculated path-average concentration of ray r at
the i® iteration
£ , = the segment length of ray r passing through pixel p
L, = the total length of ray r.

Based on the work of Peterson® (where the equivalent
formula is referred to as ART1) and tests of this and several
similar formulas applied to real and synthetic data,*> the
above formula was expected to produce reasonable recon-
structions while being robust to input noise.

Estimates of pixel concentrations were updated accord-
ing to ILST. New ray average concentrations were calculated
only after all pixels had been updated. The CT program writ-
ten specifically for the geometry of this experiment was thus
based on both the ART1 formula for calculating the correc-
tions and on the ILST correction scheme for updating the
pixel estimates. The computer program was first tested on
synthetic Gaussian distributions and on simulated profiles
having steep concentration gradients similar to those expect-
ed in the real data. Good results were achieved even when
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FIGURE 3. Acetone concentrations reconstructed
Sfrom ray path averages from RS-FTIR data. ILST algo-
rithm used for CT reconstruction, 1000 iterations, re-
laxation parameter = 6, sigma at convergence = 0.4.

randomly generated noise with a coefficient of variation be-
tween 10% and 50% was added to the synthetic ray average
concentration data.

The area covered by rays was divided into square pixels
with a width equal to the distance between parallel rays (0.3
m, 1 ft). This resulted in 93 pixels (9 by 9, plus 3 pixels along
the middle section of each edge), each having between 2 and
6 of the 36 rays passing through it (Figure 1b). A parameter,
sigma, was defined to quantify the overall extent of agree-
ment between the average concentration along a specific ray
path of the reconstructed image (RAC = ray average calcu-
lated) and that measured for the physical system (RAM = ray
average measured):

Y (RAM-RAC)®

all rays

> (RAMY?

all rays

A reconstructed distribution with a lower value of sigma
has a better overall agreement between the average concen-
trations along the rays and measured data. However, a low
sigma value does not guarantee a close match between pixel-
by-pixel reconstructed concentrations and those in the mea-
sured physical system (see Discussion).

RESULTS

The experiments produced two data sets, one consisting of
36 beam-path-averaged values (9 ray paths for each of 4 pro-
jection angles) and the second consisting of 44 point values
from the FID array (Figure 1b). The rays were time averaged
over S-minute intervals while the point values were time
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FIGURE 4. Acetone concentrations reconstructed
Sfrom ray path averages calculated from the kriged FID
data (Figure 2). ILST algorithm used for CT recon-
struction, 1000 iterations, relaxation parameter = 10,
sigma at convergence = 0.0024.

averaged over 45-minute intervals (typical SD of FID values
~100%). Figure 2 shows a surface plot of the kriged FID grid
values representing the plume as captured by the FID array.

Applying the tomographic reconstruction to the FTIR
ray average data resulted in the concentration distribution
shown in Figure 3. The main features of the acetone plume
(the source and the direction of advection) are clearly recog-
nizable, including the region of slightly increasing concen-
tration downwind of the source that was apparent in the
kriged data. However, the relatively high value of sigma,
0.4, which was the best achievable value over a wide range
of relaxation parameters and number of iterations, indicates
that the reconstructed concentration distribution was based
on an internally inconsistent (or noisy) set of ray average
values (see Discussion).

To test the ability of the CT program to reconstruct a
concentration profile where the concentration values are
known, the kriged FID data of Figure 2 were used to calcu-
late ray averages and produce a synthetic data set of concen-
trations corresponding to the 93 pixels of the CT grid. When
these ray average concentrations were used to reconstruct
the spatial distribution of acetone concentrations, the pro-
gram produced the image illustrated in Figure 4. Though
clearly much more comparable to the FID map (Figure 2)
than the reconstruction from the measured path averages
(Figure 3), some disagreement at the level of individual pix-
els remains. However, the low value of sigma, 0.002, reflects
the fact that almost all ray averages of the reconstructed pic-
ture match those of the kriged data to better than 0.6 percent.
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DISCUSSION

Figures 2 and 3 show similarity between the CT reconstruc-
tion and the concentration map generated from the FID array
measurements. The CT reconstruction correctly located the
position of the source and reproduced the steep concentra-
tion profile surrounding it. However, many notable differ-
ences also appear; the CT image shows a trailing plume
while the FID image has none, and the peak height at the
source is almost double in the CT picture. These differences
raise the issues of whether the FID image or the CT image
show the “true” picture and what factors may have con-
tributed to the discrepancy.

There are substantial limitations in both the CT and the
FID projection data as obtained in this experiment. For ex-
ample, to ensure that the concentration pattern remains ab-
solutely stable, the CT data should be collected so that the
instrument would not change the airflow. At some, but not
all positions, the detector optics were in the airflow upstream
of the acetone source. Modifications to the airflow in the
measurement plane owing to the withdrawal of air through
the FID sampling array probably had little effect, because a
fairly low flow rate was used for sampling through each tube
(5 cc/sec). Velocity changes at the sample inlet should drop
off quickly to below background levels within a few mm of
the FID sample tube inlet.

Positioning the FID sample array represents another lim-
itation. Ideally, the point samples would be in a plane coinci-
dent with the CT scan at the same height as the source. Of
course, it is impossible to have a sampling point coincident
with the source. In our experiments, the IR beams were ap-
proximately 5 cm (2 inches) in diameter. To avoid blocking
the beams with the FID sampling tubes, the tubes were posi-
tioned so their tips grazed the bottom edge of the beams.
This placed the plane of the FID sampling tubes about 2 cm
below the plane of the beam centerlines, and about 5 cm
below the center of the source.

To explore the influence of the small vertical separation
(2 cm) between the FID and the FTIR sampling plane, the
authors modeled transport near the point source based on
isotropic eddy diffusion in a uniform flow.*® Under these
conditions the concentration field around the source can be
described by the equation: "

T

- 4nKr

where
C, = concentration at r (mg/m?)

r= x>+ y2 +2? distance from point source (m)

h = mass generation rate (mg/min)

u = air velocity (m/min) (aligned with x axis)
K = eddy diffusivity (m?*/min)

x = distance in x direction (m).

Employing an approach similar to Roach,*® the authors
estimated the effective diffusivity by calculating K from the
above equation using nine kriged FID concentration values
located within a 40-cm radius of the source. All calculations

assumed a source emission rate of 1 g/min (based on a satu-
rated source gas) and an air velocity of 6 m/min (based on
exhaust air concentration readings). Combining the esti-
mates yielded an average value for the effective diffusivity
of 1.28 m*/min. Using this average value of K, the calculated
concentration for the FID peak 5 cm below the source was
466 ppm, and for the FTIR peak 3 cm below the source was
313 ppm. These calculated values agree quite well with the
observed peaks for the FID array (472 ppm) and the CT re-
construction (880 ppm). Thus the placement of the FTIR
beam measurements in a plane slightly closer to the source
compared to the FID array probably accounts for the differ-
ence in the peak concentration.

The results from the synthetic CT reconstruction of the
FID data (Figure 4) appear to match the original FID image
closely (Figure 2) both in terms of the peak height and peak
shape, with some overall broadening of the peak and lower-
ing of the peak concentration. This strongly suggests that the
differences between Figure 2 and Figure 3 are not due to
some inadequacy in the algorithm, but rather to inconsisten-
cies in the input data. This also is indicated by the much
higher values of sigma in the CT image (Figure 3) compared
to the CT image of the FID data (Figure 4).

Three factors limit the CT reconstruction accuracy:
noise, the nonuniqueness of the CT solution, and the spatial
sampling frequency. Noise in this sense represents time and
space variability in the concentration pattern due to a variety
of factors; changes in the airflow pattern and vortex shed-
ding from the instrument in the airflow, positioning errors,
and measurement errors all contribute to variability in the
path-averaged concentrations. Position errors introduced by
limitations in the mechanical system were generally small,
typically less than 3 mm (!/s"), and would produce relative
errors in position on the order of a fraction of a percent.

The authors attempted to reduce the effects of temporal
fluctuations in concentration at fixed positions in space by
averaging each ray over time (typical SD of ray averages
~30%). They compared the timescale of the averaging to es-
timates of the frequency of vortex shedding from objects
(cylinders) in the airflow. For an air velocity of 10 cm/sec
and cylinders of 1 to 50 cm in diameter (the range of obstacle
sizes in our experiment), the frequency of vortex shedding
was estimated to be between 0.04 and 1.5 Hz.“” This indi-
cates that the longest timescales are on the order of 25 sec,
far shorter than the 5 min averaging times for the rays. Per-
haps a more important source of error in the projection data
may have been changes in the air flow and plume dispersion
pattern as the instrument was rotated to different angles,
rather than eddy shedding.

The effect of changing the dispersion pattern during the
experiment is to present the reconstruction algorithm with an
inherently inconsistent set of data; this is equivalent to try-
ing to reconstruct projections sampled from several different
spatial distributions of contaminant. Such data cannot neces-
sarily be assembled to create an image that simultaneously
satisfies all ray averages. This lack of consistency manifests
itself in the inability to converge further after a certain num-
ber of iterations, despite relatively poor agreement between
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calculated and measured ray average concentrations. The
high value of sigma for Figure 3 is an indication that a single
spatial distribution of acetone satisfying the measured set of
path average concentrations probably did not exist. In con-
trast, the reconstruction of the synthetic projections derived
from the kriged FID data produced a low sigma value that
constantly decreased with an increasing number of itera-
tions, reflecting the fact that there was at least one distribu-
tion that matched the given path-average projection data.

Spatial resolution limits the FID sampling data, perhaps
to a more severe degree than the RS-FTIR. If each FID sam-
ple point only reflects concentrations within the immediate
few cm of surrounding space, relatively small horizontal
shifts in the location of the plume could cause dramatic
changes in the concentrations measured by the FID. The RS-
FTIR, however, would still capture the plume because of the
much larger sampling path. Thus, spatial-temporal variability
in the plume location within the measurement plane is a pos-
sible explanation for differences between the measurements.

It is important to point out that if changes in the disper-
sion pattern did occur as a result of different instrument posi-
tions at different times during the experiment, both the
kriged map and the CT reconstruction would give an inaccu-
rate picture. Like the CT data, the kriged data was sampled
systematically from different instrument locations and at
different times, and could be due to different underlying spa-
tial distributions. Kriging this data would tend to add sam-
pled points from the different spatial distributions together
to produce a map, while CT reconstruction would tend to av-
erage the distributions. The two techniques will produce dif-
ferent concentration maps from the data, but one map is not
necessarily more correct than the other.

The second important limit on reconstructing the actual
concentration distribution stems from the fact that the sys-
tem of equations was underdetermined. In theory, complete
determination of the image would be possible only if the
number of rays matched the number of pixels and the rays
were distributed appropriately. Since the reconstruction ma-
trix size is approximately the square of the number of rays
per projection (ignoring the edges), this implies that the
number of projection angles should at least equal the number
of rays per projection. In iterative computed tomography, if
the number of projections in the input data is small, the re-
construction tends to predict concentration peaks that are
lower than the true maxima.!'®

The limited number of projections (four rather than the
necessary minimum of nine) in the experiment leads to the
fact that even perfectly consistent data, namely those ray av-
erages calculated directly from the kriged FID data, did not
lead to a perfect reconstruction. When comparing Figures 2
and 4, we see that the reconstructed image (Figure 4) has
peaks that are broader and lower than the input data, despite
convergence to a low sigma value. Thus, unless the condi-
tions for uniqueness of the solution to the equations repre-
sented by the ray averages are met, a low sigma value does
not guarantee that a unique concentration distribution has
been determined. A low sigma value merely indicates con-
vergence to one of many possible solutions.

Underdetermination does not provide a likely explana-
tion for the discrepancy between Figures 2 and 3. In contrast
to expectation the peak in the FTIR reconstruction (Figure 3)
is higher and narrower than the FID data would suggest.
Also, sigma is relatively high for Figure 3, indicating that no
single distribution matched even the limited ray data that
was provided. This is the opposite of the problem of under-
determination, where there are too many solutions so the
program fails to converge to the true one.

A third limit on CT reconstruction is the spatial sampling
frequency, referring to the number of rays per unit of projec-
tion length (i.e., the sample frequency fin rays/m). Intuitive-
ly, one recognizes the importance of the sampling frequency
when trying to capture a steep concentration gradient. For
example, to measure a sitvation where the concentration
changes from near background to a peak over a distance of d
= 0.3 m (1 ft), one must sample at intervals smaller than d.
Sampling over much larger intervals will result in a poor re-
construction of the actual concentration, either by missing
the peak or underestimating the gradients. In general, to sat-
isty the Nyquist criterion one needs f * d = 2, where d is the
smallest dimension to be resolved in the physical system.
The CT results presented here had a sampling frequency of 3
rays/m, which despite the correspondingly limited spatial
resolution appeared to reasonably capture a large concentra-
tion gradient and correctly identify the peak location. The
important point remains, however, that the sampling fre-
quency is not simply an arbitrary quantity dictated by the de-
sired image resolution but one that ultimately depends on the
physical distribution under study.

One motivation for choosing a remote optical sensing
system is its nonobtrusive nature. However, the system test-
ed here could not fully realize this goal because of limita-
tions imposed by the sizes of the room, the instrument, and
the test apparatus.

A second motivation is the potential for rapid sampling.
Although the RS-FTIR gathers data very quickly (up to two
readings per second), rapid scanning could not be achieved
due to limitations in the positioning system. In fact, the ray
path sampling procedure was quite slow, comparable in
speed to the conventional FID sampling technique. Better
RS-FTIR sampling technology, such as a scanning system
employing moving mirrors, multiple mirrors, or multiple
sources and detectors as suggested by Todd and Leith,"®
could realize more fully the potential for unobtrusive and
rapid sampling.

This article has demonstrated the application of CT to an
important class of problems: in situ measurements of
gaseous dispersion. Whether dedicated to outdoor readings,
workplace situations, or to indoor air measurements, the
problems outlined above must be addressed. The issues of
indeterminacy and spatial resolution are essentially techni-
cal limitations, in that both can be solved by gathering more
data. These factors may have contributed to the discrepan-
cies in our reconstruction data. However, the effects of sam-
ple point location and temporal variability remain a likely
explanation for the disagreement between the FID point data
and the CT image, as suggested by the high value of sigma
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for that reconstruction. Interestingly, there are two ways to
address temporal variability in the projection data; one is to
quickly sample all rays simultaneously obtaining a snapshot
view. The other approach is to measure time-averaged con-
centrations over long periods. The authors attempted the lat-
ter method with only limited success, suggesting that more
rapid sampling may be necessary.

In summary, this work demonstrates for the first time the
teasibility of CT reconstructions of pollutant concentrations
in a real room setting. Good qualitative agreement between
the reconstruction and point sample data was obtained. The
limitations encountered due to the temporal resolution, size,
and geometry of the experimental apparatus are clearly sur-
mountable with better instrumentation.
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