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Embodiments of an apparatus comprising a plurality of mul-
tiple-gas analysis devices positioned within a relevant area,
each multiple-gas analysis device capable of detecting the
presence, concentration, or both, of one or more gases. A data
and control center is communicatively coupled to each of the
plurality of multiple-gas analysis device, the data and control
system including logic that, when executed, allows the data
and control center to monitor readings from the plurality of
multiple-gas analysis devices and if any readings indicate the
presence of one or more contaminants, identifying the source
of the contaminants based on the readings from the plurality
of multiple-gas analysis devices.
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REAL-TIME ON-SITE GAS ANALYSIS
NETWORK FOR AMBIENT AIR
MONITORING AND ACTIVE CONTROL AND
RESPONSE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] Thisutility application claims priority under 35 U.S.
C. §119(e) to U.S. Provisional Application No. 61/770,978,
filed 28 Feb. 2013 and still pending. The contents of the
priority provisional application are hereby incorporated by
reference in their entirety.

TECHNICAL FIELD

[0002] The present invention relates generally to a gas
analysis network and in particular, but not exclusively, to a
real-time onsite gas analysis network for ambient air moni-
toring and active control and response.

BACKGROUND

[0003] FIGS. 1A-1B illustrate embodiments of an appara-
tus and method for real-time gas analysis. FIG. 1A shows a
method using multiple gas-chromatography/mass-spectrom-
eter (GC/MS) systems. Conventional GC/MS systems cannot
be installed on-site for direct gas analysis, meaning that spe-
cial gas sampling pipes are used to provide air inlets at regions
of interest, such as regions 1-4. Each gas sampling pipe car-
ries gas sampled from its respective region to a corresponding
GC/MS system that remains in a central lab. Although
GC/MS systems can provide excellent detection sensitivity
and specificity on multiple gases analysis, such a setup can be
quite expensive to maintain.

[0004] FIG. 1B illustrates an alternative method that can be
used to reduce cost. Simple portable single-gas detectors are
used at specific regions, such as regions 1-4, for direct gas
detection. The detected gas concentrations are then collected
and stored at a data center. In some embodiments the single-
gas detectors are incapable of detecting multiple gases sepa-
rately, and might also constantly suffer from cross-interfer-
ence of other gases in the field. These and other characteristic
make the illustrated arrangement unsuitable for obtaining
reliable gas concentration information for active ambient air
monitoring and control.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Non-limiting and non-exhaustive embodiments of
the present invention are described with reference to the fol-
lowing figures, wherein like reference numerals refer to like
parts throughout the various views unless otherwise speci-
fied.

[0006] FIGS.1A-1B are schematics of embodiments of gas
monitoring systems.

[0007] FIG. 2A-2C are schematic drawings of embodi-
ments of an indoor gas monitoring and control system.
[0008] FIGS. 3A-3B are schematic drawings of embodi-
ments of an outdoor gas monitoring and control system.
[0009] FIG. 4 is a flowchart of an embodiment of a process
for setting up and operating an indoor or outdoor gas moni-
toring and control system.

[0010] FIGS. 5A-5B are side view and plan view schemat-
ics of an embodiment of a multiple-gas analysis system that
can be used in the indoor and outdoor gas monitoring and
control systems of FIGS. 2-3.
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[0011] FIGS. 6A-6B are plan-view schematics of other
embodiments of a multiple-gas analysis system that can be
used in the indoor and outdoor gas monitoring and control
systems of FIGS. 2-3.

[0012] FIGS. 7-8 are schematic views of other embodiment
of a multiple-gas analysis system that can be used in the
indoor and outdoor gas monitoring and control systems of
FIGS. 2-3.

DETAILED DESCRIPTION OF ILLUSTRATED
EMBODIMENTS

[0013] Embodiments are described of an apparatus, system
and method for a real-time on-site gas analysis network for
ambient air monitoring and active control and response. Spe-
cific details are described to provide a thorough understand-
ing of the embodiments, but one skilled in the relevant art will
recognize that the invention can be practiced without one or
more of the described details, or with other methods, compo-
nents, materials, etc. In some instances, well-known struc-
tures, materials, or operations are not shown or described in
detail but are nonetheless encompassed within the scope of
the invention.

[0014] Reference throughout this specification to “one
embodiment” or “an embodiment” means that a described
feature, structure, or characteristic can be included in at least
one described embodiment, so that appearances of “in one
embodiment” or “in an embodiment” do not necessarily all
refer to the same embodiment. Furthermore, the particular
features, structures, or characteristics may be combined in
any suitable manner in one or more embodiments.

[0015] Embodiments are disclosed below of real-time
monitoring and control of ambient air quality by using a
network of onsite multiple-gas analysis devices in combina-
tion with optional anemometers. The embodiments can be
applied to various indoor or outdoor environmental setups. In
a semiconductor facility, for instance, the embodiments can
be used to ensure the cleanroom air is free of airborne molecu-
lar contamination (AMC), which becomes critical as semi-
conductor processing technology goes below 40 nm nodes
because AMC affects device yield. In a steel manufacturing
facility, the embodiments can be used to monitor coke oven
gas by-product leakage and process optimization. In a petro-
chemical facility, the embodiments can be used to identify
leaking gases and locate the source of leakage, which can
provide immediate warning and emergency response actions.
[0016] FIG. 2A illustrates an embodiment of an environ-
mental monitoring and control system 200 for indoor appli-
cations such as semiconductor fabrication facilities, public
buildings, etc. A system of multiple gas analysis devices and
anemometers are positioned at various indoor locations to
form a real-time gas analysis network to monitor the gas
concentration and air flow or wind speed and its direction.
The gas analysis devices, and anemometers if present, are
linked to control/sever/information center for real-time data
communication and control.

[0017] In system 200, one or more multiple-gas analysis
devices (also called multiple-gas detectors, or MGDs) are
installed at locations within an enclosed facility 202, such as
a building, to detect gases of interest for the specific applica-
tion of the building. Although described herein as a building,
in other embodiments facility 202 can be a subset of a build-
ing, for example a room or enclosed space within a building,
and in still other embodiments can include multiple buildings.
Building 202 can have multiple floors, such as a first floor 204
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and a second floor 206, and each floor can have some kind of
process equipment or process facility: in the illustrated
embodiment, first floor 204 has a process facility 210 and
second floor 206 has a process facility 212. In other embodi-
ments, of course, there can be more or less floors than shown,
every floor need not include a process facility, each floor can
have more or less process facilities than shown, and the pro-
cess facilities can be positioned differently than shown.

[0018] Intheillustrated embodiment, MGDs are positioned
on different floors of the building, with MGDs 1-3 on first
floor 204 and MGDs 4-5 on second floor 206. On each floor
where they are located, the MGDs can be vertically posi-
tioned anywhere from floor to ceiling, and all MGDs on a
given floor can have, but need not have, the same vertical
positioning. An MGD such as MGD6 can be positioned on the
exterior of building 202, for example near a vent 208. If
MGDs in the interior (MGD1-MGDS5) detect contamination
inside the facility, exterior MGD6 can help assess whether
any contaminants are escaping or entering the facility.

[0019] Multiple-gas detectors MGD1-MGD6 are capable
of detecting organic or non-organic gas compounds, as well
as combination of gases of interest for on-site monitoring
(organic or non-organic gas compounds). In one embodi-
ment, one or more of the MGDs can be a miniaturized gas
analysis system utilizing a combination of micro-pre-concen-
trator (micro-PC), micro-gas-chromatography (micro-GC),
and a detector array for multiple-gas detection, as described
below in connection with FIGS. SA-8.

[0020] One or more anemometers can optionally be
installed in building 202 to obtain information about the air
flow rate, speed, and direction within the building, as well as
other characteristics of the air such as temperature, humidity,
and pressure. In the illustrated embodiment each MGD is
paired with an anemometer and there is a one-to-one corre-
spondence between MGDs and anemometers (i.e., each
MGD has a corresponding anemometer). For example MGD1
is paired with anemometer Al, MGD2 is paired with
anemometer A2, and so on. But in other embodiments of
system 200 the correspondence between multiple-gas detec-
tors and anemometers can be many-to-one instead of one-to-
one. The many-to-one correspondence can go both ways: in
some embodiments each multiple-gas detector can be paired
with a plurality of anemometers, but in other embodiments
each anemometer can be paired with a plurality of multiple-
gas detectors.

[0021] In the illustrated embodiment every MGD has a
nearby anemometer, such that each anemometer measures air
speed, direction, etc., in the immediate vicinity of its corre-
sponding MGD. But in other embodiments this need not be
the case: the anemometers, if present, can be positioned apart
from MGD’s so that they measure speed, direction, etc., at
places in the building other than in the immediate vicinity of
an MGD.

[0022] Multiple-gas detectors MGD1-MGD6, and
anemometers A1-A6 if present, are communicatively coupled
to a data/control center via wired or wireless communication.
All the MGDs, and anemometers if present, need not be
communicatively coupled to the data/control center the same
way; some can be communicatively coupled by wire, others
wirelessly. By communicatively coupling the MGDs and
anemometers to the data center, the instruments can provide
the data and control center with the real-time data and
updates.

Aug. 28,2014

[0023] One or more servers in the data and control center
collect and analyze readings from the MGDs and anemom-
eters to determine real-time on-site gas concentration at dif-
ferent locations within the facility. The data and control center
can provide information analysis, data storage, and corre-
sponding terminal systems feedback and control. The control
center analyzes the gas concentration data from MGDs
together with the air flow, wind speed, etc., and surrounding
obstacles (or topography) and derives a real-time gas concen-
tration distribution map of the whole area of interest. The data
center can determine whether there is an abnormal increase of
contaminants or gas leakage and can trigger immediate warn-
ings and further identify the location of a specific machine or
pipe, for example, that might be causing the change of air
quality.

[0024] Inaddition to being communicatively coupled to the
MGD’s and anemometers if present, the data and control
center can be communicatively coupled, by wire or wireless
link, to process facilities 210 and 212 within building 202, or
to specific components within a process facility. The data and
control center can additionally be communicatively coupled
to the building’s ventilation system, and to an emergency
response team.

[0025] If communicatively coupled to process facilities
210 and 212 within building 202, or to elements within the
process facilities, the data and control system can determine
the process facility or machine from which gas leakage is
occurring and turn off the system to reduce or cease leakage.
For example, the control center can be linked and can
remotely adjust the facility or system that is determined to be
out of spec back to its optimum condition to produce best
process yield. If linked to a ventilation system, the data and
control center can control the ventilation system or specific
elements within a ventilation system such as pumps, fans,
individual vents, duct closures, etc., to immediately reduce
the contaminant concentration and prevent any catastrophic
events or consequences that could occur due the increase of
contaminant gases.

[0026] Iflinked to an emergency response system, the data
and control center can provide immediate warning and cor-
responding action upon detecting contaminants. The data and
control center can then notify a response team and direct it to
the site of contamination source. The response team can send
personnel to the site of abnormal gas outbreak for further test
and confirmation, which can then be fed back to control
center for close-loop data analysis validation and improve-
ment.

[0027] FIG. 2B illustrates another embodiment of an envi-
ronmental monitoring and control system 225 for indoor
applications. System 225 is in most respects similar in fea-
tures and function to system 200. The primary difference
between systems 225 and 200 is that in system 225 each MGD
is located at or near the output of different air filters, which
can be used to filter incoming air from outside the building or
outgoing air that exits the building. In one embodiment the
filters are part of the air quality/ventilation system of building
202, but in other embodiments the filters can be part of
another system, whether related to the building or not. In
system 225 each filter is positioned above an MGD, but in
other embodiments the filters need not be positioned above,
but can instead be positioned below or to the side of the MGD.
An MGD such as MGDG6 can be positioned on the exterior of
building 202, for example near exiting building through vent
208. A filter F6 can be positioned over vent 208 to filter air
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exiting building 202, and MGD6 can help assess whether any
contaminants are escaping the facility and, as a result,
whether filter F6 needs replacement. An MGD such as MGDS5
can be positioned at the interior of building 202, for example
at or near a location where air enters building 202 through an
air inlet from the ventilation control system. Filter F5 can be
positioned to filter contaminants from outside air entering
building 202, and MGDS5 can help assess whether any con-
taminants are entering the facility and, as a result, whether
filter FS needs replacement.

[0028] In the illustrated embodiment every MGD is
coupled to a corresponding air filter, meaning that there is a
one-to-one correspondence between MGDs and filters:
MGDI1 is coupled to filter F1, MGD?2 is coupled to filter F2,
and so on. But in other embodiments the correspondence can
be many-to-one instead of one-to-one: there can be more than
one MGD per filter, or more than one filter per MGD. As in
system 200, in system 225 the MGDs can optionally be paired
with anemometers, with a one-to-one correspondence as
shown or with a many-to-one correspondence of MGDs to
anemometers or anemometers to MGDs.

[0029] In system 225, each MGD can monitor the output
quality of air passing through the corresponding filter. When
the concentration of contaminants (e.g., volatile organic com-
pounds, or VOCs) is beyond the threshold on any MGD, at
least one will be able to determine the specific filter that is no
longer filtering satisfactorily and needs to be replaced. This
approach will greatly reduce unneeded filter replacement and
thus minimize the cost of replacement.

[0030] FIG. 2C illustrates another embodiment of an envi-
ronmental monitoring and control system 250 for indoor
applications. System 250 is in most respects similar in fea-
tures and function to system 200. The primary difference
between systems 250 and 200 is that in system 250 each MGD
includes multiple sampling tubes that extended to different
locations of MGD’s individual region. For instance, MGD 4
includes a plurality of sampling tubes 252 having one end
coupled to MGD4 and its other end, the sampling end through
which air is drawn, extending away from MGD4. In the
illustrated embodiment of system 250 each MGD is coupled
to six sampling tubes, but in other embodiments each MGD
can be coupled to more or less sampling tubes, and every
MGD need not have the same number of sampling tubes.
[0031] Each sampling tube 252 can also include a VOC or
gas sampler, such as sorbent trap 254, through which air
collected by the sampling tube can flow. This approach allows
one to sample the air at more specific locations with higher
spatial coverage density. The sample collection and analysis
can be multiple modes. In MGDA4, every sampling tube 252
includes a sorbent trap, but in other embodiments less than all
tubes can include sorbent traps, or no tubes at all can include
sorbent traps. Moreover, every MGD need not include sor-
bent traps and, if an MGD does include them, need not
include the same number of sorbent traps as other MGDs.
[0032] For embodiments without sorbent traps 254, the air
sampling can be done by collecting air from all tubes simul-
taneously and analyzed by the MGD, which will provide the
overall contaminant concentration of the area covered by one
MGD. In another mode, the air sampling and analysis can be
done in series for each sampling tube (e.g., sample tube #1
and analyze to determine contaminant concentration at sam-
pling tube #1°s location, and repeat for other sampling tubes),
which will provide the more detail contaminant concentration
at each specific location. For embodiments with sorbent traps
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254, the air sampling can be done simultaneously with the
contaminants are separately collected by each sorbent trap.
The contaminants in each sorbent trap can then be desorbed to
the MGD for analysis in sequence for separate analysis.
[0033] FIG. 3A illustrates an embodiment of an outdoor
monitoring and control system 300 that can be useful for
applications such as petrochemical plants and steel coke
ovens. System 300 is in most respects similar to system 200:
multiple gas analysis devices and anemometers are posi-
tioned at various locations to form a real-time gas analysis
network to monitor the gas concentration and air flow or wind
speed and its direction. The gas analysis devices and/or
anemometers are linked to control/sever/information center
for real-time data communication and control.

[0034] In system 300, one or more multiple-gas analysis
devices (also called multiple-gas detectors, or MGDs) are
installed at locations within a region of interest 302 surround-
ing an outdoor facility such as a petrochemical plant. Process
facilities 1-5 are positioned within region of interest 302. In
other embodiments, of course, there can be more or less
process facilities than shown, and the process facilities can be
positioned differently than shown.

[0035] Intheillustrated embodiment, MGDs are positioned
near process facilities within a relevant area or region of
interest 302, with MGDs 1-5 near process facilities 1-5.
Wherever they are located, the MGDs can be vertically posi-
tioned anywhere from the floor to some height above the
process facility, and all MGDs in a given region 302 can have,
but need not have, the same vertical positioning. An MGD
such as MGD®6 can be positioned outside region of interest
302. If MGDs inside region of interest 302 (MGD1-MGDS)
detect contamination inside the region of interest, exterior
MGD6 can help assess whether any contaminants are drifting
out of the region of interest. The MGDs used in system 300
can have the same characteristics and capabilities as the
MGDs used in system 200

[0036] One or more anemometers can optionally be
installed in relevant area 302 to obtain information about the
air flow rate, speed, and direction within the area, as well as
other characteristics of the air such as temperature, humidity,
and pressure. In the illustrated embodiment each MGD is
paired with an anemometer and there is a one-to-one corre-
spondence between MGDs and anemometers (i.e., each
MGD has a corresponding anemometer). For example MGD1
is paired with anemometer Al, MGD2 is paired with
anemometer A2, and so on. But in other embodiments of
system 200 the correspondence between multiple-gas detec-
tors and anemometers can be many-to-one instead of one-to-
one. The many-to-one correspondence can go both ways: in
some embodiments each MGD can be paired with a plurality
of anemometers, but in other embodiments each anemometer
can be paired with a plurality MGDs.

[0037] In the illustrated embodiment every MGD has a
nearby anemometer, such that each anemometer measures air
speed, direction, etc., in the immediate vicinity of its corre-
sponding MGD. But in other embodiments this need not be
the case: the anemometers, if present, can be positioned apart
from MGD’s so that they measure speed, direction, etc., at
places other than in the immediate vicinity of an MGD.
[0038] Multiple-gas detectors MGD1-MGD6, and
anemometers A1-A6 if present, are communicatively coupled
to a data/control center via wired or wireless communication.
All the MGDs, and anemometers if present, need not be
communicatively coupled to the data/control center the same
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way; some can be communicatively coupled by wire, others
wirelessly. By communicatively coupling the MGDs and
anemometers to the data center, the instruments can provide
the data and control center with the real-time data and
updates.

[0039] Asinsystem 200, one or more servers in the dataand
control center collect and analyze readings from the MGDs
and anemometers to determine real-time on-site gas concen-
tration at different locations within the region of interest and
provide information analysis, data storage, and correspond-
ing terminal systems feedback and control. The control center
analyzes the gas concentration data from distributed devices
in the network together with the air flow or wind speed, and
surrounding obstacles (or topography) and derives a real-time
gas concentration distribution map of the whole area of inter-
est. The data center can determine whether there is an abnor-
mal increase of contaminants or gas leakage and can trigger
immediate warnings and further identify the location of a
machine or pipe, for example, that might be causing the
change of air quality. The control center can determine the
ambient air quality and also identify the location of gas leak-
age and whether it is within the area of concern, which in turn
prevents false alarms.

[0040] Inadditionto being communicatively coupled to the
MGD’s and anemometers if present, the data and control
center can be communicatively coupled, by wire or wireless
link, to process facilities 1-5 within area 302, and can addi-
tionally be communicatively coupled to an emergency
response team. As in system 200, in system 300 the control
center can also be communicatively coupled process facilities
210 and 212 within building 202, or to elements within the
process facility, from which gas leakage is occurring and turn
off the system to reduce or cease leakage. For example, the
control center can be linked and can (remotely) adjust the
facility or system that is determined out of spec back to its
optimum condition to produce best process yield.

[0041] The control center can be linked with emergency
response system and provide immediate warning and corre-
sponding action. The data and control center can then notity
a response team and direct it to the site of contamination
source. The corresponding action team can send personnel to
the site of abnormal gas outbreak for further test and confir-
mation, which can then be fed back to control center for
close-loop data analysis validation and improvement.

[0042] With the real-time on-site gas concentration at dif-
ferent locations of the manufacturing plants or locations of
interest, the data center can continuously determine a syn-
chronized gas distribution based on wind information and
buildings/obstacles or surrounding topography and deter-
mine whether there is any abnormal increase of specific gases
or hazardous gas leakage. For an abnormal increase of a
specific gas, which may correspond to decrease of production
efficiency as identified by data center, the control center can
directly control the specific facility operation to ensure the
system is back at optimum condition. For an abnormal
increase of specific gas, which may correspond to a hazardous
gas leakage, the control center can identify the location or
source of gas leakage based on the gas concentration distri-
bution data map and then provide necessary warning and
direct a response team to the site of problem.

[0043] FIG. 3B illustrates another embodiment of an envi-
ronmental monitoring and control system 350 for outdoor
applications. System 350 is in most respects similar in fea-
tures and function to system 300. The primary difference
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between systems 350 and 300 is that in system 350 each MGD
includes multiple sampling tubes that can extend into or near
the process facility with which the MGD is associated. For
instance, MGD2 includes a plurality of sampling tubes 352
having one end coupled to MGD2 and its other end, the
sampling end through which air is drawn, extending into or
near process facility 2. In the illustrated embodiment of sys-
tem 350, MGD?2 is coupled to three sampling tubes, but each
MGD can be coupled to more or less sampling tubes, and
every MGD in system 350 need not have the same number of
sampling tubes.

[0044] Each sampling tube 352 can also include a VOC
sampler, such as sorbent trap 354, through with air collected
by the sampling tube can flow. This approach allows one to
sample the air at more specific locations with higher spatial
coverage density. The sample collection and analysis can be
multiple modes. In MGD4, every sampling tube 352 includes
a sorbent trap, but in other embodiments less than all tubes
can include sorbent traps, or no tubes at all can include sor-
bent traps. Moreover, every MGD need not include sorbent
traps and, if an MGD does include them, need not include the
same number of sorbent traps as other MGDs.

[0045] For embodiments without sorbent traps 354, the air
sampling can be done by collecting air from all tubes simul-
taneously and analyzing them with the MGD; this will pro-
vide the overall contaminant concentration of the area cov-
ered by one MGD. In another mode, the air sampling and
analysis can be done in series for each sampling tube (e.g.,
sample tube #1 and analyze to determine contaminant con-
centration at sampling tube #1’s location, and repeat for other
sampling tubes), which will provide the more detail contami-
nant concentration at each specific location. For embodi-
ments with sorbent traps 354, the air sampling can be done
simultaneously with the contaminants are separately col-
lected by each sorbent trap. The contaminants in each sorbent
trap can then be desorbed to the MGD for analysis in
sequence for separate analysis.

[0046] FIG. 4 illustrates an embodiment of a process 400
for setting up and operating a gas analysis systems such as
systems 200 and 300. Such a setup can be applied to the
following industries (but not limited by those industries) for
targeted ambient air monitoring and control in order to
achieve optimum manufacturing efficiency and yield output
as well as excess waste by-product exhaust or toxic gas leak
warning: semiconductor manufacturing fab, display manu-
facturing, PCB fab, steel coke oven plants, and petrochemical
plants.

[0047] The process starts at block 402. At block 404, the
region of interest, whether indoor or outdoor, is identified. At
block 406, the process conducts analysis on space and geo-
graphic distribution info for the area of interest on possible
gas contaminants or gases of concern, as well as topographi-
cal information on obstructions and other objects within the
region of interest.

[0048] At block 408, based on the analysis performed at
block 406 the process makes a decision on optimum multiple-
gas detector detection specification, number of devices, and
placement locations and construction of gas sensing network.
At block 410, which is optional as indicated by the dashed
outline, the process uses the analysis performed at block 406
to decide the number and placement of anemometers within
the relevant area.

[0049] Operation of the monitoring system begins at block
412, with automatic real-time monitoring data collection and
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storage at control center. At block 414, automatic data analy-
sis on the reliability of gas monitoring data from each device
is performed to ensure no false data due to device or data
communication glitches. At block 416, the process searches
for source location of abnormal gas concentration level based
on analysis of gases data (in combination with air flow, wind
speed, direction, etc., and area topography if anemometers
are used). At block 418, the process determines whether the
source location has gases concentration over threshold level,
and at block 420 the available data from all MGD’s, and
anemometers if present, is used to identify the contamination
source. At block 422, the process takes action such as con-
trolling the ventilation system and/or process facilities for an
indoor application, controlling the process facilities for an
outdoor application, and provide necessary warning to corre-
sponding party for necessary action in either indoor or out-
door applications. For situation that there are many possible
sources of gas leakage systems and same location without an
individual gas device to differentiate the gas leakage on-site,
personnel may be sent to perform an on-site test on each
system with a portable gas detector to confirm the actual
problematic system.

[0050] FIGS. 5A-5B schematically illustrate an embodi-
ment of a multiple-gas detection and analysis device that can
be implemented in the above-described environmental detec-
tion and control systems. A commercial embodiment of the
illustrated multiple-gas analysis device, known as MiTAP, is
developed by TricornTech Taiwan & TricornTech Corpora-
tion of San Jose, Calif. MiTAP can provide more frequent gas
concentration distributions for data analysis, which in turn
gives the control center much faster update of ambient air
condition at corresponding field site. As a result, a more
precise active control of air quality can be achieved for con-
sistent robust manufacturing yield, which can be extremely
crucial in manufacturing processes such as semiconductor
production. Meanwhile, for toxic gas leakage monitoring,
MiTAP can provide much faster update/warning on the event
of gas leakage, which can be crucial to prevent life-threaten-
ing system failures at the manufacturing site.

[0051] As further described below, MiTAP utilizes micro-
pre-concentration (micro-PC), micro-gas-chromatography
(microGC), and detector array (DA) technology for direct air
sampling and gas analysis as described, for example, in U.S.
Patent Publication Nos. 2009/0308136, 2011/0005300, 2011/
0023581,2011/0259081, and 2012/0090378, all of which are
hereby incorporated by reference in their entirety). It is a
portable and stand-along device that does not require expen-
sive laboratory gas supplies and piping setups, but unlike
conventional GC/MS systems, it can be installed on-site and
is able to perform direct gas sampling for multiple-gas analy-
sis with performance similar to GC/MS system in the labo-
ratory. The device has capability to separate and detect more
than 50 volatile organic compounds (VOCs) in each 15-min
test (but not limited to VOCs), which can provide much more
real-time data points for faster active control and response
compared to conventional GC/MS system method for gas
analysis.

[0052] FIGS.5A-5B togetherillustrate an embodiment of a
small-scale multiple-gas analysis device 500. MGD 500
includes a substrate 502 on which are mounted a fluid han-
dling assembly 501, a controller 526 coupled to the individual
elements within fluid handling assembly 501, and a reading
and analysis circuit 528 coupled to detector array 510 and to
controller 526. The embodiment shown in the figures illus-
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trates one possible arrangement of the elements on substrate
502, butin other embodiments the elements can, of course, be
arranged on the substrate differently.

[0053] Substrate 502 can be any kind of substrate that pro-
vides the required physical support and communication con-
nections for the elements of device 500, such as a single-layer
or multi-layer printed circuit board (PCB) with conductive
traces or a chip or wafer made of silicon or some other
semiconductor. In still other embodiments, substrate 502 can
also be a chip or wafer in which optical waveguides can be
formed to support optical communication between the com-
ponents of device 500.

[0054] Fluid handling assembly 501 includes a filter and
valve assembly 504, a pre-concentrator 506, a gas chromato-
graph 508, a detector array 510 and a pump 512. Elements
504-512 are fluidly coupled in series: filter and valve assem-
bly 504 is fluidly coupled to pre-concentrator 506 by fluid
connection 516, pre-concentrator 506 is fluidly coupled to gas
chromatograph 508 by fluid connection 518, gas chromato-
graph 508 is fluidly coupled to detector array 510 by fluid
connection 520, and detector array 510 is coupled to pump
512 by fluid connection 522. In one embodiment of device
500 elements 504-512 can be micro-electromechanical
(MEMS) elements or MEMS-based elements, meaning that
some parts of each device can be MEMS and other parts not.
In other embodiments of device 500, some or all of elements
504-512 need not be MEMS or MEMS-based, but can instead
be some non-MEMS chip scale device.

[0055] As indicated by the arrows in the figures, the fluid
connections between elements 504-512 allow a fluid (e.g.,
one or more gases) to enter filter and valve assembly 504
through inlet 514, flow though elements 504-512, and finally
exit pump 512 through outlet 524. Fluid handling assembly
501 also includes a shroud or cover 513 that protects indi-
vidual elements 504-512. In the illustrated embodiment,
channels formed in shroud 513 provide the fluid connections
between the elements, but in other embodiments the fluid
connections between elements can be provided by other
means, such as tubing. In still other embodiments shroud 513
can be omitted.

[0056] Controller 526 is communicatively coupled to the
individual elements within fluid handling assembly 501 via
traces 130 such that it can send control signals and/or receive
feedback signals from the individual elements. In one
embodiment, controller 526 can be an application-specific
integrated circuit (ASIC) designed specifically for the task,
for example a CMOS controller including processing, vola-
tile and/or non-volatile storage, memory and communication
circuits, as well as associated logic to control the various
circuits and communicate externally to the elements of fluid
handling assembly 501. In other embodiments, however, con-
troller 526 can instead be a general-purpose microprocessor
in which the control functions are implemented in software.
In the illustrated embodiment controller 526 is electrically
coupled to the individual elements within fluid handling
assembly 501 by conductive traces 130 on the surface or in the
interior of substrate 502, but in other embodiments controller
526 can be coupled to the elements by other means, such as
optical.

[0057] Readout and analysis circuit 528 is coupled via
traces 532 to an output of detector array 510 such that it can
receive data signals from individual sensors within detector
array 510 and process and analyze these data signals. In one
embodiment, readout and analysis circuit 528 can be an appli-
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cation-specific integrated circuit (ASIC) designed specifi-
cally for the task, such as a CMOS controller including pro-
cessing, volatile and/or non-volatile storage, memory and
communication circuits, as well as associated logic to control
the various circuits and communicate externally. In other
embodiments, however, readout and analysis circuit 528 can
instead be a general-purpose microprocessor in which the
control functions are implemented in software. In some
embodiments readout and analysis circuit 528 can also
include signal conditioning and processing elements such as
amplifiers, filters, analog-to-digital converters, etc., for both
pre-processing of data signals received from detector array
510 and post-processing of data generated or extracted from
the received data by readout and analysis circuit 528.

[0058] In operation of device 500, the system is first pow-
ered up and any necessary logic (i.e., software instructions) is
loaded into controller 526 and readout and analysis circuit
528 and initialized. After initialization, the valve in filter and
valve unit 504 is opened and pump 512 is set to allow flow
through the fluid handling assembly. Fluid is then input to
fluid handling assembly 501 through inlet 514 at a certain
flow rate and/or for a certain amount of time; the amount of
time needed will usually be determined by the time needed for
pre-concentrator 506 to generate adequate concentrations of
the particular chemicals whose presence and/or concentration
are being determined. As fluid is input to the system through
inlet 514, it is filtered by filter and valve assembly 504 and
flows through elements 504-512 within fluid handling assem-
bly 501 by virtue of the fluid connections between these
elements. After flowing through elements 504-512, the fluid
exits the fluid handling assembly through exhaust 524.
[0059] After the needed amount of fluid has been input
through inlet 514, the valve in filter and valve assembly 504 is
closed to prevent further input of fluid. After the valve is
closed, a heater in pre-concentrator 506 activates to heat the
pre-concentrator. The heat releases the chemicals absorbed
and concentrated by the pre-concentrator. As the chemicals
arereleased from pre-concentrator 506, pump 512 is activated
to draw the released chemicals through gas chromatograph
508 and detecfor array 510 and output the chemicals through
exhaust 524. Activation of pump 512 also prevents backflow
through fluid handling assembly 501.

[0060] As the chemicals released from pre-concentrator
506 are drawn by pump 512 through gas chromatograph 508,
the chromatograph separates different chemicals from each
other in the time domain-that is, different chemicals are out-
put from the gas chromatograph at different times. As the
different chemicals exit gas chromatograph 508 separated in
time, each chemical enters detection array 510, where sensors
in the detection array detect the presence and/or concentra-
tion of each chemical. The time-domain separation per-
formed in gas chromatograph 508 substantially enhances the
accuracy and sensitivity of detection array 510, since it pre-
vents numerous chemicals from entering the detection array
at the same time and thus prevents cross-contamination and
potential interference in the sensors within the array.

[0061] As individual sensors within detection array 510
interact with the entering time-domain-separated chemicals,
the detection array senses the interaction and outputs a signal
to readout and analysis circuit 528, which can then use the
signal to determine presence and/or concentration of the
chemicals. When readout and analysis circuit 528 has deter-
mined the presence and/or concentration of all the chemicals
of interest it can use various analysis techniques, such as
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correlation and pattern matching, to extract some meaning
from the particular combination of chemicals present and
their concentrations.

[0062] FIG. 6A illustrates an embodiment of a multiple-gas
analysis system or detector 600. MGD 600 is in most respects
similar to device 500. The primary difference between device
600 and device 500 is the presence in device 600 of a wireless
transceiver circuit 604 and an antenna 606 mounted on sub-
strate 602. Wireless transceiver circuit 604 can both transmit
(Tx) data and receive (Rx) data and is coupled to reading and
analysis circuit 528 and antenna 606. In one embodiment of
MGD 600, transceiver 604 can be used to wirelessly transmit
data from reading and analysis circuit 528 to a computer 608,
which can be located in the data and control center of systems
200 or 300 and can perform the previously-described func-
tions of the data center.

[0063] FIG. 6B illustrates an alternative embodiment of a
multiple-gas analysis device 650. MGD 650 is in most
respects similar to MGD 600. The primary difference
between MGDs 650 and 600 is that the wireless transceiver
circuit 604 and antenna 606 are replaced with a hardware data
interface 654 coupled to reading and analysis circuit 528. In
one embodiment, hardware data interface 654 could be a
network interface card, but in other embodiments hardware
data interface can be an Ethernet card, a simple cable plug,
etc. External devices can be connected to device 650 through
traditional means such as cables. Although it has a different
communication interface, MGDs 650 and 600 have all the
same functionality. As with system 500, in system 600
MEMS-based gas analysis device 602 can transmit data to,
and receive data from, one or both of a computer 608, which
can be located in the data and control center of systems 200 or
300 and can perform the previously-described functions of
the data center.

[0064] FIG. 7 illustrates an alternative embodiment of a
multiple-gas analysis device 700. MGD 700 is in most
respects similar to device 500. The primary difference
between MGD 700 and device 500 is that MGD 700 includes
an on-board display 702 for conveying to a user the results of
the analysis performed by reading and analysis circuit 528.
The illustrated embodiment uses an on-board text display
702, for example an LED or LCD screen that can convey text
information to a user. In another embodiment a simpler dis-
play can be used, such as one with three lights that indicate a
positive, negative, or indeterminate result depending on
which light is switched on. For example, if in response to
detection of contaminants it is necessary to send aninspection
team to investigate, the device can provide information to the
inspectors.

[0065] FIG. 8 illustrates an alternative embodiment of a
multi-gas analysis device 800. MGD 800 is in most respects
similar to MGD 500. The primary difference between device
800 and device 500 is that in device 800 one or more elements
of fluid handling assembly 501 are replaceable. In the illus-
trated embodiment, the elements are made replaceable by
mounting them onto substrate 502 using sockets: filter and
valve assembly 504 is mounted to substrate 502 by socket
804, pre-concentrator is mounted to substrate 502 by socket
804, gas chromatograph 508 is mounted to substrate 502 by
socket 808, detector array 510 is mounted to substrate 502 by
socket 810, and pump 512 is mounted to substrate 502 by
socket 812. In one embodiment, sockets 804-812 are sockets
such as zero insertion force (ZIF) sockets that permit easy
replacement by a user, but in other embodiments other types
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of sockets can be used. Although the illustrated embodiment
shows all the components of fluid handling assembly 501
being replaceable, in other embodiments only some of the
components such as pump 512 and detector array 510 can be
made replaceable. The benefit of having replaceable fluid
handling elements is that the MGD can be easily repaired if
broken or can be easily converted to detect different gases or
combinations of gases without the need to replace the entire
MGD.

[0066] Theabovedescriptionofillustrated embodiments of
the invention, including what is described in the abstract, is
not intended to be exhaustive or to limit the invention to the
precise forms disclosed. While specific embodiments of, and
examples for, the invention are described for illustrative pur-
poses, various equivalent modifications are possible within
the scope of the claims, as those skilled in the relevant art will
recognize. These modifications can be made in light of the
above

DETAILED DESCRIPTION

[0067] Thetermsusedinthe following claims shouldnotbe
construed to limit the invention to the specific embodiments
disclosed in the specification and the claims. Rather, the
scope of the invention is to be determined entirely by the
following claims, which are to be construed in accordance
with established doctrines of claim interpretation.

1. An apparatus comprising:
a plurality of multiple-gas analysis devices positioned
within a relevant area, each multiple-gas analysis device
capable of detecting the presence, concentration, or
both, of one or more gases; and
adata and control center communicatively coupled to each
of' the plurality of multiple-gas analysis device, the data
and control system including logic that, when executed,
allows the data and control center to:
monitor readings from the plurality of multiple-gas
analysis devices, and

if any readings indicate the presence of one or more
contaminants, identifying the source of the contami-
nants based on the readings from the plurality of mul-
tiple-gas analysis devices.

2. The apparatus of claim 1, further comprising at least one
anemometer positioned in the relevant area and communica-
tively coupled to the data and/or control center.

3. The apparatus of claim 2 wherein each anemometer is
paired with a corresponding multiple-gas analysis device.

4. The apparatus of claim 2 wherein each anemometer is
paired with a plurality of multiple-gas analysis devices.

5. The apparatus of claim 2 wherein a plurality of anemom-
eters are paired with each multiple-gas analysis device.

6. The apparatus of claim 2 wherein the at least one
anemometer can measure at least air speed and direction.

7. The apparatus of claim 6 wherein the anemometer can
further measure air temperature, air pressure, and humidity.

8. The apparatus of claim 1 wherein the data and control
system includes data on topology within the relevant area.

9. The apparatus of claim 1 wherein the relevant area is
indoors.

10. The apparatus of claim 9 wherein the data and control
system is communicatively coupled to a ventilation system of
the relevant area and can control operation of the ventilation
system.
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11. The apparatus of claim 9 wherein at least one multiple-
gas detector is fluidly coupled to a filter so that the multiple-
gas detector can sample air flowing through the filter.

12. The apparatus of claim 9 wherein at least one multiple-
gas detector is fluidly coupled to one or more sampling tubes
that extend from the multiple-gas detector to the vicinity of
the multiple-gas detector.

13. The apparatus of claim 12 wherein each sampling tube
includes a sorbent trap.

14. The apparatus of claim 1 wherein the relevant area is
outdoors.

15. The apparatus of claim 14 wherein each of the plurality
of gas analysis devices is positioned near a process facility
within the relevant area.

16. The apparatus of claim 15 wherein the data and control
system is communicatively coupled to each process facility
and can control the operation of the process facility.

17. The apparatus of claim 15 wherein at least one mul-
tiple-gas detector is fluidly coupled to one or more sampling
tubes that extend from the multiple-gas detector to a location
in or near the associated process facility.

18. The apparatus of claim 1 wherein at least one of the
plurality of multiple-gas analysis devices comprises:

a substrate;

a gas chromatograph having a fluid inlet and a fluid outlet

and being mounted to the substrate;

a detector array having a fluid inlet and a fluid outlet and
being mounted to the substrate, wherein the fluid inlet of
the detector array is fluidly coupled to the fluid outlet of
the gas chromatograph;

a control circuit coupled to the gas chromatograph and to
the detector array, wherein the control circuit can com-
municate with the gas chromatograph and to the detector
array; and

a readout circuit coupled to the detector array and to the
control circuit, wherein the readout circuit can commu-
nicate with the control circuit and the detector array.

19. A process comprising:

positioning a plurality of multiple-gas analysis devices
within a relevant area, each multiple-gas analysis device
capable of detecting the presence, concentration, or
both, of one or more gases;

communicatively coupling a data and control center to
each of the plurality of multiple-gas analysis devices;

monitoring the output of the plurality of multiple-gas
analysis devices; and

if any of the plurality of gas analysis devices detects the
presence and/or abnormal concentrations of designated
gases, identifying the source of the designated gases
based on the outputs of the plurality of the multiple-gas
analysis devices.

20. The process of claim 19, further comprising position-
ing at least one anemometer in the relevant area and commu-
nicatively coupling the at least one anemometer to the data
and control center.

21. The process of claim 20 wherein each anemometer is
paired with a corresponding multiple-gas analysis device.

22. The process of claim 20 wherein each anemometer is
paired with a plurality of multiple-gas analysis devices.

23. The process of claim 20 wherein a plurality of anemom-
eters are paired with each multiple-gas analysis device.

24. The process of claim 20 wherein the at least one
anemometer can measure at least air speed and direction.
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25. The process of claim 24 wherein the anemometer can
further measure air temperature, air pressure, and humidity.

26. The process of claim 19, further comprising storing
topology data from the relevant area in the data and control
center.

27. The process of claim 19 wherein the relevant area is
indoors.

28. The process of claim 19, further comprising commu-
nicatively coupling the data and control system to a ventila-
tion system of the relevant area, so that the data and control
system can control operation of the ventilation system.

29. The process of claim 27 wherein at least one multiple-
gas detector is fluidly coupled to a filter so that the multiple-
gas detector can sample air flowing through the filter.

30. The process of claim 27 wherein at least one multiple-
gas detector is fluidly coupled to one or more sampling tubes
that extend from the multiple-gas detector to the vicinity of
the multiple-gas detector.

31. The process of claim 30 wherein each sampling tube
includes a sorbent trap.

32. The process of claim 19 wherein the relevant area is
outdoors.

33. The process of claim 19 wherein each of the plurality of
gas analysis devices is positioned near a process facility
within the relevant area.
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34. The process of claim 33 wherein the data and control
system is communicatively coupled to each process facility
and can control the operation of the process facility.

35. The process of claim 33 wherein at least one multiple-
gas detector is fluidly coupled to one or more sampling tubes
that extend from the multiple-gas detector to a location in or
near the associated process facility.

36. The process of claim 19 wherein at least one of the
plurality of multiple-gas analysis devices comprises:

a substrate;

a gas chromatograph having a fluid inlet and a fluid outlet

and being mounted to the substrate;

a detector array having a fluid inlet and a fluid outlet and
being mounted to the substrate, wherein the fluid inlet of
the detector array is fluidly coupled to the fluid outlet of
the gas chromatograph;

a control circuit coupled to the gas chromatograph and to
the detector array, wherein the control circuit can com-
municate with the gas chromatograph and to the detector
array; and

a readout circuit coupled to the detector array and to the
control circuit, wherein the readout circuit can commu-
nicate with the control circuit and the detector array.
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