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ADAPTIVE HYBRID WIRELESS AND WIRED
PROCESS CONTROL SYSTEM

RELATED APPLICATIONS

[0001] This application claims priority to and 1s a divisional
of U.S. patent application Ser. No. 12/938,432 filed on 3 Nov.

2010, which 1n turn claims priority to and 1s a continuation-
in-part ol U.S. patent application Ser. No. 12/990,388 filed on
1 Nov. 2010, which 1n turn claims priority to international
application PCT/US2009/0425177 filed on 1 May 2009, which
in turn claims priority to U.S. Provisional Patent Application
No. 61/049,682 filed 1 May 2008. The entirety of each cited
disclosure 1s hereby incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to process control sys-
tems and methods, and more particularly to such systems and
methods that include hierarchical adaptability and optimiza-
tion capabilities to operate a hybrid wired and wireless pro-
cess control and/or automation network while utilizing mini-
mum system resources.

[0004] 2. Description of Related Art

[0005] The current architecture of the wireless networks 1n
various commercial and industrial processing {facilities,
including hydrocarbon and petrochemical plants, necessi-
tates that most information packets transmitted from the wire-
less end devices (WEDs) have a single destination, the Cen-
tral Control Room (CCR). However, the transmissions from
the WEDs are passed through several wireless intermediate
devices (WIDs) and wireless gateway devices (WGDs),
resulting 1n multiple copies of the same packet arriving at the
Central Control Room (CCR) gateway(s). WEDs can trans-
mit to and receive from all other devices, but cannot route to
other devices. WIDs transmit to and receive from all other
devices, and route to other devices. W(GDs transmit to,
recetve from, and route between other devices, and also con-
duct high level applications including protocol translation
and assignment of paths for source-destination pairs. As used
herein, the components WEDs, WIDs and WGDs are also
referred to as “nodes.”

[0006] Sinceatypical industrial process requires thousands
of instruments, e.g., sensors, valves, diagnostic devices, and
the like, that all must transmit information to the CCR, there
exists, 1 the present state of the art, massive contention for
access over the wireless bandwidth spectrum 1n and around
the CCR. This contention ultimately results 1n degradation of
the signal throughput and high packet loss rate.

[0007] Asusedherein, “commercial and industrial process-
ing facilities” include chemical plants, hydrocarbon facilities,
petrochemical facilities, manufacturing factories, or any
tacility that uses wireless process automation and/or control.

[0008] FIG.11s aschematic diagram of hardware intercon-
nectivity for a typical prior art process control network 500 1n
a commercial and/or industrial processing facility. In FIG. 1,
wired connectivity 1s depicted with solid double-arrow lines
between nodes, and wireless connectivity 1s depicted with
dashed double-arrow lines between nodes. Several junction
boxes 506 (IBs), and up to several hundred 1n typical process
control systems, are connected, typically by copper or fiber
optic wires, to one or more marshalling cabinets 504 1n the
central control room 501 (CCR). The CCR 501 includes a

distributed control system 502 that generally includes at least
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one processor coupled to a memory for providing function-
ality necessary for plant automation and/or control. Junction
boxes 506 provide data distribution functionality and power
(current and voltage) control, and are equipped with requisite
power connectivity and a suitable environmental enclosure.
The marshalling cabinets 504 provide interconnectivity
between several junction boxes 506, and serve as an access
point 1n the CCR 501 for installation of additional JBs, main-
tenance, testing and service. The IBs can be connected to any
wired communication enabled pressure sensor, temperature
sensor, pump, valve, tank level gauge, and the like. Typically
these end devices can be the same process control device that
connects to a WED, the difference being the I/O card of the
end device. That 1s, end devices can be connected to the JBs
when they support wired-only connectivity, or both wireless
and wired connectivity. For end devices that support wireless-
only connectively, a WED must be used. Typically, spare
copper or fiber optic wires are provided 1n a trench between
cach junction box 306 and the CCR for future growth and
expansion. These wire connections can be accessed at the
junction boxes 506 and/or surrounding areas. The junction
boxes 506 and the plant hardware 1in wired communication
thereto (not shown), along with the marshalling cabinets, for,
an independent wired network 509 in typical commercial and
industrial processing facilities.

[0009] Traditionally, plant and industrial networks have
relied on the wire as a means for communications and net-
working. Wireless communications were introduced within
facilities as independent networks. Therefore commercial
and industrial processing facilities commonly imnclude a wire-
less network that 1s independent of the wired network. The
wireless network generally includes a master WGD 510
coupled to the distributed control system 302 via an mput/
output mtertface 508. Several WGDs 512 and WIDs 514 are
interconnected to each other and to the master WGD 510. The
WIDs 514 recerve and transmit data from/to the WEDs 516.

[0010] In prior art systems as shown 1n FIG. 1, the wireless
network 520 under the control of the master WGD 510 Gate-
way 1s completely 1solated from the wired network 509 con-
necting the several junction boxes 506 through the marshal-
ling cabinets 504.

[0011] All field devices and subsystems, in the order of
thousands, are typically within a relatively small area 1 a
commercial and industrial processing facility, e.g., 1n a space
on the order of about 500 meters by about 300 Meters. The
WEDs 516 at the field devices generally broadcast their data,
which 1s recerved by any and all available WIDs 514 and/or
WGDs 512. The WIDs 514 retransmit the data to WGDs 512
and the master WGD 510, and the WGDs 512 retransmit the
data to the master WGD 510. Ultimately, packet selection 1s
accomplished with one or more appropriate software and/or
firmware modules executable by the master WGD 510, which
select the first packet that appears to have accurate data, and
subsequent packets containing copes of the same data are
discarded. This architecture, with substantial redundancy, 1s
conventionally implemented to ensure that all of the data
transmitted from the WEDs 516 1s received at the CCR 501

for subsequent action and/or data collection purposes.

[0012] The International Society of Automation (ISA) has
established a Wireless Systems for Automation Standards
Committee (ISA-SP100) tasked with defining wireless con-
nectivity standards. The SP100 wireless standard for process
automation systems 1s applicable to industries such as o1l and
gas, petrochemical, water/wastewater treatment and manu-
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facturing. The SP100 standard 1s intended for use in the 2.4
(GHz band, with data transfer at speeds up to 250 kilobytes per
second within a 300 meter range. SP100 devices have rela-
tively lower data rates and energy requirements than compa-
rable wireless Local Area Networks (LAN), as they are
intended to be low-cost devices. Another commonly
employed wireless process control and/or automation net-
work has been recently developed as a derivative of the High-
way Addressable Remote Transmitter (HART) Communica-

tion Foundation protocols, referred to generally as the
HART® protocol.

[0013] The SP100 protocol specifies different types of
communications, categorized as “usage classes,” and increas-
ing in criticality based upon decreasing numerical designa-
tion. “Class 07 communications 1include those categorized as
critical for safety applications such as emergency shut-down
systems, and are deemed always critical; “Class 1”7 1s for
closed-loop regulatory control, often deemed critical; “Class
2" 1s for closed-loop supervisory control, usually non-criti-
cal; “Class 3™ 1s for open-loop control; “Class 4™ 1s for alert-
ing or annunciation; and “Class 5 1s for data logging. Certain
events, such as alarms, can have different classifications of
service depending on the message type.

[0014] FIG. 2 1s a schematic diagram of a prior art archi-
tecture for a wireless process control system 600 of the prior
art, e.g., operating under the SP100 standard. In general,
devices 1n an SP100 system are divided 1nto three categories,
commonly referred to as “tiers.” Tier 1 includes end devices,
such as meters, remote terminal units, valves, sensors, tank

level measuring devices, and the like, each of which 1s con-
nected to a WED 616. Tier 2 includes WIDs 614 and tier 3

includes WGDs 612. As described above, WEDs 616 can
transmit to and receive from all other devices, but cannot
route to other devices; WIDs 614 transmit to and receive from
all other devices, and route to other devices; and WGDs 612
transmit to, receive from, and route between other devices,
and also conduct high level applications including protocol
translation and assignment of paths for source-destination
pairs. In addition, a master wireless gateway device 610 1s
provided at tier 3, which 1s coupled to the CCR 601 and
controls the ultimate communication of data to and from the
DCS 602. Individual nodes are also labeled for turther clarity
of description and to simplify certain examples provided
herein.

[0015] Connectivity between WEDs L17 and L13 and
WGDs L35 and L31, respectively, 1s illustrated, although as
will be understood by one of ordinary skill 1n the art, connec-
tivity 1s typically provided between all WEDs 616 and the
master WGD 610 for communication with the DCS 602. A
path 1s the series of nodes commencing with the transmitting,
node, ending with the receiving node, and including the rout-
ing nodes therebetween. A link 1s a specific coupling within
such a path. For example, 1L17-1.293-1.292-1.36-1.35 1s a path
tor the source-destination pair L17-L.35, and .292-1.36 1s one
of the links within this path.

[0016] Devices in an SP100 wireless system are generally
connected 1n the form of a mesh or star-mesh network. Con-
nection between the various devices 1s performed through
radio communications, for instance as specified by a Carrier
Sense Multiple Access with Collision Avoidance (CSMA-
CA) protocol or the like, and connections are established at a
network layer and a Medium Access Control (MAC) layer.

[0017] In existing wireless process control and/or automa-
tion systems, every frame transmitted from a WED 616 to the
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DCS 602 at the CCR 601 1s treated the same, regardless of 1ts
usage class or criticality. The standards mandate that the
transmitted frames reach the DCS 602 within a specified
maximum allowable end-to-end time delay and a specified
frame error rate (FER). Commonly, all WIDs 614 and WGDs
612 route incoming traffic irrespective of the usage class, and
without regard to a frame’s status as an original transmission
or a retransmission. Multiple paths between WEDs 616 and
the master WGD 610 are typically specified 1n a routing table
for increased rehability of data frame transmission and
receipt. Retransmission of frames occurs and 1s requested 1
the received frame 1s judged to be erroneous or no acknowl-
edgment 1s recerved (1.e., a timeout occurs).

[0018] While a large number of paths provide a certain
degree of reliability, this topology increases the bandwidth
requirements for the wireless spectrum and battery energy
usage, and the quantity and/or sophistication level of the
requisite hardware. Redundancy of transmission paths also
requires additional capital investment 1n hardware and
increased costs for the necessary testing and maintenance of
the additional routers. In addition, channel contention often
occurs due to high channel utilization, increased latency
between the WEDs 616 and CCR 601, and frame blocking.
Therefore, diminishing returns result, such that an increase 1n
the number of paths beyond a certain level will not signifi-
cantly increase the reliability, thereby inefficiently using
bandwidth, hardware and battery power. Wireless implemen-
tation of the SP100 and the HART® protocols have suflered

similar drawbacks including excess battery usage and
increased channel contention.

[0019] Therefore, there 1s a significant need to reduce the
number of unnecessary transmaissions and reduce the number
of wireless routers. In addition, a need exists for reliable and
adaptable methods and systems to operate a wireless process
control and/or automation network while utilizing minimum
system resources.

[0020] Accordingly, it 1s an object of the present invention
to reduce the overall congestion of wireless traific in and
around the CCR.

[0021] It1s another object of the present mvention to trans-
mit, from one tier to another, data packets that meet optimal
performance requirements for each source-destination pair,
and maximize the quality of transmitted packets for each
source-destination pair.

SUMMARY OF THE INVENTION

[0022] The above objects and further advantages are pro-
vided by the method and system of the present invention for
improving communications within a commercial and imdus-
trial processing facility. In one aspect, the method and system
provides hierarchical adaptability components to a process
control and/or automation network that increase system eifi-
ciency and reliability. The invention comprehends an intelli-
gent and ellicient process to design and operate a process
control and/or automation network while utilizing minimum
system resources. In certain embodiments, path requirements
are specified per usage class whereby minimum utilization of
bandwidth, paths and hardware i1s allocated while meeting
plant environment requirements for services such as closed-
loop regulatory and supervisory control, open-loop control,
alerting, logging and remote monitoring.

[0023] In wireless systems having a large number of net-
worked devices, efficient spectrum usage and delay minimi-
zations are critical design and planning factors. Wireless pro-
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cess control and/or automation networks, including those
operating under the ISA-SP100 protocol and/or the wireless
HART® protocol, co-exist with other wireless systems oper-
ating 1n similar bands, e.g., 2.4 MHz, such as wireless LAN
(including IEEE 802.11), BLUETOOTH™, ZIGBEE™, and
the like. Efficient spectrum utilization 1n operation of a wire-
less process control and/or automation network 1n turn ben-
cfits other wireless systems utilizing the same frequency
band. Accordingly, the present invention minimizes spectrum
utilization by routing only frames and/or packets that meet
one or more constraints. Paths are i1dentified that meet the
specified constraint(s). During operation, paths are discarded
and/or replaced when they no longer satisiy the constraint(s).

[0024] Inaddition, wireless process control and/or automa-
tion networks are commonly deployed 1n harsh and classified
areas, such as hazardous areas referred to as “Class 1, Divi-
sion 1”7 and “Class 1, Division 2.” In these locations, flam-
mable gas mixtures can be present. Many wireless control
and/or automation devices 1n these environments are battery-
operated, mandating periodic battery replacement. Accord-
ingly, reducing battery demand through the use of more effi-
cient spectrum utilization results in higher battery lifecycle,
lower capital and operating costs, and reduced occurrences of
worker access to these network devices 1n areas classified as
hazardous.

[0025] In one method of operating a wireless process con-
trol and/or automation network according to the present
invention, steps are carried out to select a minimum number
of paths for one or more source-destination pairs. Potential
paths between each source-destination pair are initially cho-
sen. The reliabilities of each of the potential paths and/or the
clfective reliabilities of groups of paths are determined. Paths
or groups of paths that meet the minimum reliability require-
ments are identified by comparing the calculated reliabilities
and/or eflective reliabilities with minimum reliability
requirements specified 1 a set of routing rules. Paths are
selected from the 1dentified reliable paths based on a mini-
mum number of paths specified 1n the set of routing rules and
assigned 1n a routing table. Paths or groups of paths above the
specified minimum number of paths that meet the reliability
requirements are discarded, 1.e., not assigned in the routing,
table (as opposed to disabling the path), or assigned as alter-
nate paths in the routing table. The paths that are discarded
can be assigned in the future, for instance, i1f one of the
previously assigned paths or alternate paths encounters
excessive traific and can no longer meet the requisite con-
straint(s) including the minimum reliability requirements.

[0026] In another method of operating a wireless process
control and/or automation network according to the present
invention, steps are carried out to select paths based on con-
straints related to end-to-end delays between a source-desti-
nation pait.

[0027] In a further method of operating a wireless process
control and/or automation network according to the present
invention, steps are carried out to select paths based on con-
straints related to tier delays for links within a given tier.
Notably, employing a constraint based on tier delays mini-
mizes the number of links or hops 1n a given path between a
source-destination pair.

[0028] Inan additional method of operating a wireless pro-
cess control and/or automation network according to the
present invention, steps are carried out to select a minimum
number of reliable paths that further meet constraints related
to end-to-end delays and/or tier delays.
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[0029] In still another method of operating a wireless pro-
cess control and/or automation network according to the
present invention, steps are carried out to select a minimum
number of reliable paths that further meet constraints related
to one or more of end-to-end delays and/or tier delays, maxi-
mum throughput per link, and a minimal number of hops.
[0030] In one system of the mnvention for operating a wire-
less process control and/or automation network, a route opti-
mization module 1s executed by hardware which can include
one or more of the wireless gateway devices, a separate com-
puting device in communication with the wireless network, or
a combination thereof. The route optimization module
includes a path determination sub-module that determines
possible paths between the selected source-destination pair. A
reliability calculation sub-module 1s provided that determines
the reliability of each of the possible paths, and/or the effec-
tive reliability of one or more groups of paths. The route
optimization module also includes a reliable path identifica-
tion sub-module that identifies reliable paths or groups of
paths by comparing the reliability and/or effective reliability
with mimmum reliability requirements specified 1n a set of
routing rules, and a path assignment sub-module for assign-
ing reliable paths or one or more groups of paths to a routing
table based on a minmimum number of paths specified in the set
of routing rules. Paths or groups of paths above the specified
minimum number of paths that meet the reliability require-
ments are discarded, 1.e., not assigned 1n the routing table, or
assigned as alternate paths in the routing table.

[0031] In another system of the ivention for operating a
wireless process control and/or automation network, an end-
to-end delay minimization module 1s provided, in which
paths are selected based on constraints related to end-to-end
delays for paths between a source-destination pair.

[0032] In a further system of the invention for operating a
wireless process control and/or automation network, a tier
delay minimization module 1s provided, in which paths are
selected based on constraints related to tier delays for links
within a given tier.

[0033] In an additional system of the invention for operat-
ing a wireless process control and/or automation network, a
delay minimization module 1s provided, in which paths are
selected based on constraints related to both end-to-end
delays and tier delays.

[0034] Instill another system of the invention for operating
a wireless process control and/or automation network, a mod-
ule 1s provided to select a minimum number of reliable paths,
and one or more additional or sub-modules to select paths
based on further constraints related to end-to-end delays and/
or tier delays, maximum throughput per link, a minimal num-
ber of hops, or a combination of one or more of end-to-end
delays and/or tier delays, maximum throughput per link, and
a minimal number of hops.

[0035] In certain embodiments, the reliability, e.g., the
maximum allowable frame error rate (FER), 1s specified for
one or more of the usage classes, and the assigned minimum
number of reliable paths 1s specified per usage class. Usage
classes or groups of usage classes with higher degrees of
criticality, e.g., classes O and 1 1n an SP100 system, have a
higher reliability threshold, 1.e., lower maximum allowable
frame error rates as compared to usage classes of lower criti-
cality. Further, usage classes of lower criticality can have
tewer assigned minimum reliable paths.

[0036] Further embodiments of the process of the present
invention provide that the maximum allowable frame error
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rate per usage class, the process control wireless traflic dis-
tribution, the links’ reliability profile, tier delay, or a combi-
nation of these factors are used to generate a subset of paths
containing a minimum number of paths with associated reli-
ability weight. For source-destination pairs in which the mini-
mum number of paths 1s not attained based on the above-
described routing assignment process or the above-described
sub-modules, selective paths are combined, 1.e., groups of
paths, or additional paths are incorporated, until the end-to-
end frame error rate for each usage class 1s lower than the
class’s maximum allowable threshold, while applying the
criteria of employing a minimum number of intermediate

links.

[0037] Embodiments of the present invention include addi-
tional steps or sub-modules for incorporation within conven-
tional wireless network protocols, including: (1) defining a
maximum allowable delay for each tier; (2) including usage
class bits to the routing table; (3) considering whether a frame
1s a retransmit frame; (4) providing an action-type bit to the
frame format structure where the recerved frames for a des-
tination are not actioned until the end of the maximum allow-
able delay (1.e., the received frame 1s not actioned until the
end of the maximum allowable delay to ensure that all frames
arriving from different routes are received and the frames
with a high quality indicator are passed to the CCR for
action); (5) dropping and/or routing the frame as a function of
the usage class; and/or (6) during abnormal channel condi-
tions, sending a control message to WIDs and/or WGDs 1n a
wireless process control and/or automation protocol network
to allow routing of frames for a particular pair of source-
destination pairs 1irrespective of the usage class, thereby
dynamically 1increasing the number of available paths.
Accordingly, in certain embodiments, the method and system
of the present invention minimizes the required number of
frames transported over wireless links while meeting reliabil-
ity and latency requirements.

[0038] In an example described below, 1t 1s demonstrated
that by using the system and method of the present invention
in a wireless SP100 network, (1) the battery lifecycle of
hardware 1s extended by more than 60%; (2) the cost of an
SP100 system 1s significantly reduced due to reduction 1n the
required number of WIDs and WGDs; and (3) spectrum uti-
lization 1s reduced by at least 55%. These benefits are accom-
plished while maintaining the design requirements for plant
applications such as closed-loop regulatory and supervisory
control, open-loop control, alerting, and remote monitoring/
logging.

[0039] In still further embodiments of the present mven-
tion, anew hybrid wired and wireless architecture 1s deployed
for process control and/or automation. The new architecture
includes several field network sets (FNSs). One or more FNSs
in the intermediate tier each include one or more of a WID, a
modified WID (MWID), and a set of a MWID coupled with a
junction box (MWID-IB). One or more FNSs 1n the gateway
tier includes one or more of a WGD, a modified WGD
(MWGD) and a set of a MWGD and a JB (MWGD-IB). The
master WGD may alternatively be a master MWGD or master
MWGD-IB, with a MWGD-IB being preferred over a
MWGD as the master device, and a MWGD being preferred
over a WGD as the master device. Each FNS includes an
anchor packet selection device. This hybrid system includes
path selection and optimization with frame selection, packet
selection and routing through a predetermined number paths
depending on the class of service. Thus, the routers and gate-
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way devices of each FNS act as a single device to route data
to routers and gateway devices external to the FNS. The
combination of these features 1s used to enhance the system
reliability and performance. An FNS may also span two tiers,
such as an FNS that spans tier 2 and tier 3.

[0040] In another embodiment, an FNS can have a second-
ary anchor packet selection device, for example, to provide
redundancy, or 1n order to carry more traific load where one
device 1s inadequate due to packet load.

[0041] The architecture of the present invention improves
performance and reliability of a process control and/or auto-
mation network by:

[0042] minimizing the required number of unnecessary
transmission ol packets,

[0043] mimimizing spectrum congestion and 1mproving
spectrum utilization,

[0044] minimizing the hardware required to support a plant
wireless system under certain mandated requirements,
[0045] maximizing the utilization of existing plant infra-
structure, and

[0046] significantly increasing the battery life of wireless
devices.

[0047] In addition, the total number of wireless routers can
be reduced, and in certain embodiments, tier 3 gateway
devices (except for the master WGD) can be reduced or
climinated altogether. This advantageously allows the num-
ber of data transmission to the CCR to be minimized, the
spectrum usage to be maximized, packet loss to be reduced,
and requisite hardware (and associated labor involved 1n
deploying and maintaining such hardware) to be minimized.
[0048] In conventional wireless automation and/or control
systems, packet selection1s accomplished at the master WGD
by selecting the first packet with correct recerved information
and discarding the subsequent received copies of the same
packet. According to the present invention, however, packets
are not progressed to the next tier until: (1) the number of
packets required to meet the minimum performance require-
ments for each pair of source-destination 1s optimized (mini-
mum), and (2) the quality of transmitted packets for each
source-destination pair 1s the highest.

[0049] According to one embodiment of the present mven-
tion, a plant wireless system or a wireless process control
network includes MWIDs or MWGDs that perform (1) a
selecting function, (2) a routing function, and (3) interface to
a JB 1n the field network set via wired connection and neigh-
boring WIDs via wireless connection. The routing function
keeps track of all MWID-IB sets, the MWGD-IBs, and the
master WGD/MWGD, and adjust the routing dynamically
(per packet) as needed.

[0050] According to another embodiment of the present
invention, a plant wireless system or a wireless process con-
trol system includes MWIDs and MWID-IBs grouped 1nto
FNSs. The MWIDs and MWID-JBs within each set are either
hardwired or connected via a junction box router, while WIDs
are wirelessly connected to MWID-IB or MWIDs. Each FNS
can be connected to the CCR directly (through existing wiring

available via the JB), connected wirelessly to intermediate
MWGD-IB, or connected wirelessly to the master WGD/

MWGD. Accordingly, each FINS can have single MWID-IB
tasked with routing traffic to the destination.

[0051] According to another embodiment of the present
invention, a plant wireless system or a wireless process con-
trol system 1ncludes, e.g., for a particular source-destination
pair, one particular MWID within a FNS that 1s tagged as an
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anchor point for recerving all packets from that particular
source, selecting the one packet with the highest quality
index, and forwarding that one selected packet toward the
destination (CCR) through MWID-JB, possibly 1n multiple
paths. In the reverse direction, the anchor MWID within a set
for a particular source-destination pair receives the packet
from the CCR and transmits it ultimately to the WED. If
packets belonging to particular source-destination pair passes
through two different MWID-IBs belonging to different
FNSs, then each MWID-IB set will have an anchor packet
selection MWID for that pair (1.e., a total of two MWIDs are
required). IT packets belonging to a particular source-desti-
nation pair passes through three different MWID-IBs, then
cach FNS will have an anchor selection by assigning a MWID
for that pair (a total of three MWIDs are required). Executing
the algorithms described herein determine if one or more
FNSs are needed for a particular source destination pair. The
anchor MWID within an FNS 1s needed to provide the packet
selection for a particular source-destination pair, while the
MWID-IB within the same FNS 1s required to interface and
route traffic to/from the CCR or master WGD/MWGD. At the
WGD tier level, the anchor MWGD within a set 1s used to
provide the packet selection for a particular source-destina-
tion pair, while the MWGD-JB within the same FNS 1s used
to interface and route traffic to/from the CCR or master
MWG/MWGD. However, 1if a MWID-IB set 1s directly hard-
wired to the master MWGD, then the anchor selection 1n the
WIGD tier will be (by default) the master MWGD.

[0052] According to a further embodiment of the present
invention, a wireless process control system includes a master

MW GD that maintains the configuration of the sets, including
which MWID-IBs belong to which set, which MWID-IB 1s

the interface to the CCR and which MWID-IB 1s the backup

(if any). While a selected path for a particular source-desti-
nation pair can vary from one transmission to another, the
anchor packet selection device within a set for that particular
source and destination pair remains the same until changed by
an operator or 1f certain conditions arise (e.g., device failure,
additional devices added or the like) that result 1n re-desig-
nation of the anchor packet selection device. Source-destina-
tion pairs sharing one particular FNS will distribute the selec-
tion function (load balanced) across the MWIDs within that
set.

BRIEF DESCRIPTION OF THE DRAWINGS

[0053] The foregoing summary, as well as the following
detailed description of preferred embodiments of the mven-
tion will be best understood when read in conjunction with the
attached drawings. For the purpose of illustrating the mven-
tion, there are shown 1n the drawings embodiments which are
presently preferred. It should be understood, however, that the
invention 1s not limited to the precise arrangements and
instrumentalities shown. In the drawings the same numeral 1s
used to refer to the same or similar elements or steps, in
which:

[0054] FIG. 1 1s a schematic diagram of a process control
and/or automation network of the prior art including a wire-
less facility network and a wired facility network that are
distinct and not integrated except at the CCR;

[0055] FIG. 2 1s a schematic diagram of a wireless process
control and/or automation network of the prior art;

[0056] FIG. 3 is a schematic diagram of a wireless process
control and/or automation network in accordance with the
present invention;
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[0057] FIG. 41s aschematic diagram of a hybrid wired and
wireless process control and/or automation network 1n accor-
dance with the present invention;

[0058] FIG. 4A 15 a schematic diagram of a hybrid wired
and wireless process control and/or automation network 1n
accordance with the present invention;

[0059] FIG. 51s a schematic diagram of a hybrid wired and
wireless process control and/or automation network 1n accor-
dance with the present invention;

[0060] FIG. 6 1s a schematic diagram of architecture of a
wireless process control and/or automation network accord-
ing to certain embodiments of the present invention;

[0061] FIG. 7 1s a block diagram of a wireless end device
according to certain embodiments of the present invention;

[0062] FIG. 8A i1s a block diagram of a wireless gateway
device and a modified wireless gateway device according to
certain embodiments of the present 1nvention;
[0063] FIG. 8B 1s a block diagram of a wireless gateway
device and a modified wireless gateway device according to
certain embodiments of the present invention;
[0064] FIG. 9A i1s a block diagram of a wireless gateway
device and a modified wireless gateway device according to
certain embodiments of the present invention;
[0065] FIG. 9B 1s a block diagram of a wireless gateway
device and a modified wireless gateway device according to
certain embodiments of the present invention;

[0066] FIG. 10 1s a block diagram of a junction box router
according to certain embodiments of the present invention;

[0067] FIG. 11 1s a block diagram of a basic computing
device configuration 1n accordance with embodiments of the
present invention;

[0068] FIG.121s anoverview of an example of the requisite
number of paths per usage class according to the present
imnvention;

[0069] FIG. 13 1s a block diagram of the optimization
framework carried out by one or more modules 1n accordance
with certain embodiments of the present invention;

[0070] FIG. 14A 1s a schematic block diagram including a

route optimization module 1n accordance with an embodi-
ment of the present invention;

[0071] FIG. 14B 1s a flow chart of a method of assigning

reliable paths for a source-destination pair 1n accordance with
the present invention;

[0072] FIG. 14C i1s a flow chart of a method of assigning
reliable paths for a source-destination pair 1n a hybrid net-
work including field network sets in accordance with the
present invention;

[0073] FIG. 14D 1s an exemplary routing table that can be
created using the method of FIG. 14C;

[0074] FIG. 15A 1s a schematic block diagram including an
end-to-end delay minimization module 1n accordance with an
embodiment of the present invention;

[0075] FIG. 15B 1s a flow chart of a method of assigning
paths for operating the end-to-end delay minimization mod-
ule 1n accordance with the present invention;

[0076] FIG. 15C 1s a flow chart of a method of assigning
paths for operating the end-to-end delay minimization mod-
ule 1n a hybnid network including field network sets 1n accor-
dance with the present invention;

[0077] FIG. 15D 1s a detail of a path routing table to be used

in a method of assigning paths for operating the end-to-end
delay minimization module 1n a hybrid network including
field network sets 1n accordance with the present invention;
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[0078] FIG. 16A 1s a schematic block diagram 1ncluding a
tier delay minimization module 1 accordance with an
embodiment of the present invention;

[0079] FIG. 16B 1s a flow chart of a method of assigning
paths for operating the tier delay mimmization module in
accordance with the present invention;

[0080] FIG. 16C 1s a flow chart of a method of assigning
paths for operating the tier delay minimization module 1n a
hybrid network including field network sets in accordance
with the present invention;

[0081] FIG. 17A 1s a schematic block diagram including a
delay minimization module 1n accordance with an embodi-
ment of the present invention;

[0082] FIG. 17B 1s a flow chart of a method of assigning
paths for operating the delay minimization module 1n accor-
dance with the present invention;

[0083] FIG. 17C 1s a flow chart of a method of assigning
paths for operating the delay minimization module in a hybrid
network including field network sets 1n accordance with the
present invention;

[0084] FIG.181s aflow chart of an overview of a method of
defining field network sets and assigning paths for source-
destination pairs per usage class;

[0085] FIG. 19 15 a schematic diagram of a portion of a
wireless process control and/or automation network architec-
ture depicting a set of source-destination pair components;
[0086] FIG. 20A 1s a chart of normalized power usage
comparison for wireless itermediate devices using the sys-
tem and method of the present invention compared to prior art
methods:

[0087] FIG.20B is achart of normalized power usage com-
parison for wireless end devices and wireless gateway devices
using the system and method of the present invention com-
pared to methods of the prior art; and

[0088] FIG. 21A 1s a schematic diagram of a portion of a
hybrid wired/wireless process control and/or automation net-
work architecture depicting a set of source-destination pair
components and associated field network sets according to
certain embodiments of the present invention; and

[0089] FIG. 21B 1s a schematic diagram of a portion of a
hybrid wired/wireless process control and/or automation net-
work architecture depicting a set of source-destination pair
components and associated field network sets according to
certain embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0090] FIG. 3 1s a diagram of a wireless process control
and/or automation network 700 such as one following the
ISA-SP100 protocol; for clarity, only connectivity for WEDs
.17 and L13 to WGDs L35 and L31, respectively, 1s 1llus-
trated. The path L.17-1.293-1.292-1.36-1.35 1s one of the paths
ol the source-destination pair of .17 and the CCR 701. The
combination 1.292-1.35 1s considered one of the links within
this path. The path 1L.17-1.291-1.28-1.34-1.35 1s a path inde-
pendent from L[17-1.293-1.292-1.36-1.35, since no single
intermediate link 1s common to the two paths. Elements .11
through .17 are WEDs 716 at tier 1; elements .21 through
.29 and L.291 through 1.293 are WIDs 714 at tier 2; and
clements .32 through .36 are WGDs 712 at tier 3. In general,
WEDs 716 broadcast in all directions, however, for sitmplicity
in the description of the present invention, communication 1s
depicted only between select WEDs and WIDs. In network
700, the WGD L31 at the CCR 701 1s the master WGD 710,
and the other WGDs L.32 through .36 are additional WGDs
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712 that provide additional links and/or serve as backup gate-
way devices 1n the event that the master WGD 710 fails. In
accordance with the present invention, a computing device 80
1s provided that executes one or more modules for path selec-
tion. These modules can be the route optimization module
110, the end-to-end delay minimization module 210, the tier
delay minimization module 310, the delay minimization
module 410, other modules that apply constraints including
one or more of throughput and number of hops, or a combi-
nation including at least one of the foregoing modules, to
create the routing table 190 for path selection. The resulting
routing table 190 1s loaded in memory of the routing WIDs
and WGDs. The computing device 80 can be provided within
or associlated with the master WGD 710, and/or within or
associated with the DCS 702. Note that some or all of the
modules executed by the computing device 80 can be

executed 1n separate computing devices, €.g., certain modules
at or associated with the master WGD, other WGDs, WIDs,

MWIDs and/or MWGDs.

[0091] As used herein, the term “routing table™ refers to a
collection of data or instructions that specifies one or more
paths between a source-destination pair, and can be in the
form of a table, database, dataset or other collection of elec-
tronically stored data that includes such instructions 1n a form

that 1s readable by WGDs, MWGDs, WIDs and/or MWGDs
in the present mnvention.

[0092] FIG. 4 1s a diagram of a hybrid wired and wireless
process control and/or automation network 800 according to
the present invention. The wireless connectivity 1s 1n accor-
dance with a suitable process control standard, such as the
ISA-SP100 protocol. As 1mn FIG. 3, only connectivity for
WEDs L17 and LL13 to WGDs L35 and 131, respectively, 1s
illustrated for clarity. In FI1G. 4, wired connectivity 1s depicted
with solid double-arrow lines between nodes, and wireless
connectivity 1s depicted with dashed double-arrow lines
between nodes.

[0093] The plant architecture according to the present
invention includes a plurality of field networks sets 820
(FNSs) 1n communication with the CCR 801 and/or a master
WGD 810. The CCR 801 includes the DCS 802. The com-
puting device 80 can be provided within or associated with
the master WGD 810, and/or within or associated with the
DCS 802. Fach FNS 820 at the intermediate tier (tier 2)
includes one or more WIDs 814, one or more modified wire-

less mtermediate devices 815 (MWIDs), or a combination
thereof. Furthermore, the FNS 820¢ 1n tier 3 includes modi-

fied WGDs 813 (MWGDs) and a JB 806. Note that one or
more WGDs can also be provided (not shown) 1n tier 3.

[0094] MWIDs or MWGDs within an FNS are employed to

interface with a JB and/or to execute packet selection as
described further herein. In a preferred embodiment, at least
one MWID or MWGD 1s provided 1in each FNS 820 for
connection to the CCR 801 and/or the next tier. One or more
additional MWIDs/MWGDs can optionally be provided in an
FNS 820 as backup, for connection to multiple JBs in an FNS
820, and/or to co-execute packet selection module(s). Note
that even 1f a MWID/MWGD 1s provided that does not serve
as the node which connects to the JB and/or executes packet

selection, these MWIDs/MWGDs perform all of the func-
tionalities of a conventional WID/WGD. Determination as to
installation of MWIDs/MWGDs as devices at locations that
that do not execute packet selection module(s) and/or include
wired connectivity can be made based on factors including
but not limited to capital cost, whether the installation 1s an
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upgrade or a grass roots installation of a control/automation
system, the anticipated need to define further network sets

during future modifications or additions, and any require-
ments for availability of backup modified WIDs/WGDs.

[0095] One or more MWIDs and/or MWGDs 1n the archi-
tecture of the present invention each contain stored in their
respective memories one or more routing tables to provide
path selection, similar to the WIDs and/or WGDs described
with respect to FIG. 3. In addition, one or more MWIDs
and/or MWGDs 1 an FNS 820, particularly the MWID or
MWGD selected as the anchor device, executes a packet
routing module. The packet routing module provides func-
tionality to (1) route packets to correct JBs within an FNS; (2)
route packets to the correct anchor packet for a particular
source-destination pair; (3) route packets from one FNS to
another, and (4) provide routing tables to assist 1n the wire-
less-wired networks integration.

[0096] In general, WEDs 816 broadcast 1n all directions,
however, for stmplicity in the description of the present inven-
tion, communication 1s depicted only between select WEDs
and WIDs/MWIDs. For example, according to the present
invention, when a WED transmits in all directions, 1t will
reach several FINSs, each potentially having several MWIDs.
By applying the routing table according to the present mnven-
tion, a predetermined number of FNSs are required and
selected (e.g., two), thus the transmission 1s only routed
through selected FNSs. Upon further application of the rout-
ing tables of the present invention, certain paths of WIDs

and/or MWIDs are selected within the predetermined number
of FNSs.

[0097] Certain FNSs 820 include one or more junction
boxes (JBs) 806, e.g., FNSs 820a and 820b6. In addition,
certain FNSs do not include JBs, in which the MWID or
MWGD serves to execute the packet selection process
according to the routing table. Communication to the next tier
in the FNSs without JBs 1s accomplished by wireless connec-
tivity.

[0098] In addition, certain embodiments of the FNSs 820
comprise at least one set 805 including a MWID 8135 coupled
with a junction box 806, the set referred to herein as a MWID-
JB 805. For instance, one MWID-JB 805 includes the set of
the MWID 1.292 and 1ts proximate JB 806; another MWID-
IJB 805 includes the set of the MWID 128 and its proximate
JB 806. An FNS 820 including a group of one or more WIDs
and either or both of one or more MWIDs or MWID-IBs 1s
provided with one direct connection to the CCR via the mas-

ter WGD 810, rather than multiple connections or the use a
secondary WGD (e.g., WGD L35 shown in FIGS. 2 and 3. For

instance, the FNS 820 with WID [.293, MWID [.29 and
MWID-IBs 1.292 and 1.291 coupled to their proximate JBs
806 cifectively communicates with the CCR 801 using a
single connection rather than four separate connections. The
connection between each FNS 820 and the CCR 801 can be

redundant, and can include wired, wireless or both wired and
wireless connections.

[0099] Likewise, FNS 820e¢ at the gateway tier (tier 3)
includes a modified wireless gateway device 813 (MWGDs),
and a set 821 of a MWGD 813 device coupled with a IB 806

(MWGD-IB).

[0100] Network 800 includes certain FNSs 820 having
MWIDs and/or MWID-IBs, and certain FNSs having
MWGDs and/or MWGD-JBs. In contrast, in networks 600 of
the prior art and network 700 of the present invention, the
WIDs are individual, and several nodes communicate with
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WGDs 1n tier 3. Within an FNS having MWID-IB 805, the
MWID-JB 805 can be connected via a wired interface to one
or more MWID(s) 815 and connected by wireless interface to
traditional WIDs 814. Each set can be connected to the CCR
directly (through existing wiring available via the IB), or
connected wirelessly to intermediate MWGD-IBs, or con-
nected wirelessly to the master MWGD. Accordingly, each
set can have a MWID-JB, MWGD-IB, MWID or MWGD
tasked with routing traffic to the destination.

[0101] FIG. 4 shows the detailed connectivity of the
MWID-IBs to the CCR and master MWGD. The master
MWGD will maintain the configuration of the sets including
which MWID-IBs belong to which set, which of the MWID-
IBs 1s/are the interface to the CCR and which one 1s the
backup. The master MWGD maintains the configuration of
the sets including which MWIDs belong to which FNS, and
which MWID 1s the primary/backup within an FNS for packet
selecting functionality for each source-destination pair 1n the
wireless network. While the selected path for a particular
source and destination pair may vary from one transmission
to another, the anchor packet selection function within an
FNS for that particular source and destination pair generally
remains constant until changed by the master MWGD or an
operator.

[0102] In general, possible sequences of packet transmis-
sion between the CCR 801 and a WED 816 include, but are

not limited to:

[0103] CCR 801<¢> master WGD 810> MWGD-JIB 821
> MWGD 813 MWID-IB 805 MWID 815 WED
816:

[0104] CCR 801<> master WGD 810> MWGD 813

— MWID-IB 805> MWID 815> WED 816;

[0105] CCR 801<¢> master WGD 810> MWGD-IB 821
— MWGD 813> MWID-IB 805 MWID 815> WID
814> WED 816; or

[0106] CCR 801<> master WGD 810> MWID-IB 805
— MWID 815> WED 816.

[0107] The embodiment shown 1n FIG. 4A 1ncludes field
network sets 820 (FNSs) that span two tiers. FNS 820g spans
the intermediate tier (tier 2) and the gateway tier (tier 3),
including two modified wireless intermediate devices 815
(MWIDs) 1n tier 2 and one modified wireless gateway device
813 MWGD)1n tier 3. FNS 820/ also spans tiers 2 and 3, with
four modified wireless intermediate devices 815 (MWIDs) 1n
tier 2 and one modified wireless gateway device 813

(MWGD) with associated JB 806 1n tier 3.

[0108] FIG. 5 1s a diagram of a network 900 according to
the present invention including a CCR 901 having a DCS 902
in communication with an interface 908, e.g., to facilitate
communication with the master WGD 910, and also 1n com-
munication with a plurality of marshalling cabinets 904. The
master WGD 910 can communicate with the CCR 901 (and
the DCS 902 in the CCR 901) via various connections, includ-
ing through interface 908 (which can be separate from or
integrated with the DCS 902), through marshalling cabinets
904, through other I/O interfaces, or any combination of these
interfaces.

[0109] The network 900 includes a tier of WEDs 916 gen-
erally in communication with WIDs 914 and/or MWIDs 915.
Furthermore, network 900 can include an existing wired sub-

network 924, e.g., having wired components connected to a
marshalling cabinet 904 1n the CCR 901 through IB 906.

[0110] Further, similar to network 800 shown 1n FIG. 4,
network 900 includes an imntermediate tier having FNSs 920,
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and also can include one or more independent (1.e., not within
an FNS 920) WIDs 914, MWIDs 915 and MWID-IBs 905

(having a MWID 915 and a JB 906). The FNSs 920 each
include a MWID-IB 905 (although as discussed above 1t 1s
possible to have an FNS without a MWID-IB). Further, as
shown in FIG. 5, one ofthe FNSs 920 includes a WID 914 and
plural MWIDs 915. The MWID-IB sets 905 are connected
via wire to a junction box router 922 (JIBR). Further, the
anchor MWID/MWGD 1 an FNS, or an independent MWD/
MWGD, can be 1n wired communication with a JBR 922.

[0111] A thard tier includes an FNS 920 having at least a
MWGD-IB set 921 (including a MWGD 913 and a 1B 906).
Note that other wireless gateway devices can also be included
in the FNS 920 having the MWGD-IB set 921, or the
MWGD-JB set 921 can be a standalone set, 1.e., without the
associated FNS 920. The MWGD-IB set 921 1s connected
directly to the master WGD 910 and to the MC 904. The MC
904 1s connected directly to the DCS 902.

[0112] As discussed above, the MWIDs and the MWGDs
include one or more routing tables for path optimization and
a packet selection module to determine, among other things,
which packet of multiple packets of the same data are to be
propagated to the next tier or to the master WGD 910.

[0113] Certain MCs 904 are 1n communication with one or
more JBRs 922 (JBR) to facilitate integration between the
plant wireless network and the plant wired network and pro-
vide suitable routing functionality and instructions to the
MWID-IBs 905. The JBRs 922 can also be wired to each
other and can be connected to the master WGD 910.

[0114] Hardwired connectivity between the master WGD
910 and a MWGD 913 or the set 921 of the MWGD-IB 921
can be via direct connection, and/or through a JBR 922 (e.g.,
master WGD 922 1n connection with the JBR 922, which 1s
connected to the MWGD-IB set 921 including connection to
the MWGD 913. As depicted 1in network 900, the set 921 of
the MWGD-JB 1s directly connected to the master WGD 910.

[0115] Inaccordance with the present invention, a comput-
ing device 80 1s provided that executes the route optimization
module 110", the end-to-end delay minimization module 210",
the tier delay minimization module 310", the delay minimi-
zation module 410", other modules that apply constraints
including one or more of throughput and number of hops, or
a combination including at least one of the foregoing mod-
ules, to create the routing table 190', and downloads the
resulting routing table 190’ to the routing WIDs and WGDs
(which can include MWIDs and MWGDs). In addition, the
computing device 80 can execute the modules for determin-
ing the number and size of the FINS(s), and the anchor packet
selection device for each FNS. Instructions generated by the
computing device 80 that 1s a part of the DCS 902 or a
separate computing device within the central control room
901 are transmitted to the master WGD 910, which 1n turn
transmit the 1nstructions to certain nodes (1dentified herein as
the “anchor packet selection device” or “anchor point” within
a particular FNS) 1n the FNSs 920. Likewise, data related to
the delays (end-to-end and link), reliability, number of hops,
throughput, field network set data, and other network statis-
tics 1s communicated to the computing device 80, and 1s used

to, 1nter alia, create or modify the routing tables and create or
modity the members of each FNS.

[0116] As shown in FIG. 5, the JBRs 922 route wireless
traffic to and from the MWID-JIBs 905 to the master WGD
910 and to the DCS 902. Furthermore, the JBRs 922 route
wireless traffic between an MWID-IB 905 1n one FNS 920 to
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another MWID-JIB 905 1n a different FNS 920, and between
an MWID 915 1n one FNS 920 to another MWID 915 in a
difterent FNS 920.

[0117] Interconnecting JBs 906 with each other and with
the wireless infrastructure within a commercial and industrial
processing facility 1s a unique aspect of the present invention,
for which there are no established standards. The network 900
ol the present mvention shows the interconnectivity of IBs
and the wireless plant network devices to yield improved
performance and reliability. An existing wired infrastructure
illustrated 1n FIG. 5 as subsystem 924 that operates 1n a
conventional facility can continue to pass directly through
one or more MCs 904 without going to or through a JBR 922.
Selected wireless and wired traffic passes through the JBRs
922. Accordingly, the present invention can be practiced as a
stand alone system and method, e.g., used to design and build
a new or replacement process automation and/or control net-
work, or the present invention can be practiced as a comple-
mentary network that 1s added onto, or modifies a portion of
an existing wired or wireless network, without changing cer-

tain existing and operational JBs or MCs (e.g., within existing
subsystem 924).

[0118] FIG. 6 shows an exemplary architecture 10 of a
wireless process control and/or automation system. The
architecture generally follows the Open Systems Intercon-
nection Reference Model (OSI model), and includes: an
application layer 12, a transport layer 14, a network layer 16,
data link layer 18 including a logical link control sublayer 20
and a media access control sublayer 22, and a physical layer
24. The application layer 12 includes the functionality of
presentation and session layers according to a wireless pro-
cess control and/or automation protocol such as the ISA-
SP100 protocol, and generally provides the interface to user
application processes. The application layer 12 further
includes an application sublayer 26 that provides a wireless
process control and/or automation protocol interface. The
transport layer 14 provides for the addressing of user appli-
cation processes via selection of a specific application layer
entity. The network layer 16 provides network-wide address-
ing of devices and relays messages between network layers of
different devices. Furthermore, 1in accordance with embodi-
ments of the present invention, the network layer supports
frame routing between source-destination pairs based upon
the route optimization modules 110 and/or 110, the end-to-
end delay minimization module 210 and/or 210, the tier delay
minimization module 310 and/or 310, the delay minimiza-
tion module 410 and/or 410', or other modules that apply
constraints including one or more of throughput and number
of hops of the present invention. The data link layer 18 gen-
erally manages use of the physical layer, and includes the
logical link control (LLC) sublayer 20 and the medium access
control (MAC) sublayer 22, and can also carry out certain
optimization functionalities 1n the adaptive methods and sys-
tems of the present invention, such as collecting frame error
rate data, throughput data and/or delay statistics, and passing
that data to the route optimization module 110 and/or 110', the
end-to-end delay minimization module 210 and/or 210", the
tier delay minmimization module 310 and/or 310", the delay
minimization module 410 and/or 410', or other modules that
apply constraints including one or more of throughput and
number of hops. The LLC sublayer 20 provides multiplexing
and flow control mechanisms, and generally acts as an inter-
face between the MAC sublayer 22 and the network layer 16.
The MAC sublayer provides multiple access methods includ-
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ing the carrier sense multiple access with collision avoidance
(CSMA-CA) protocol 28 commonly used 1n wireless net-
works, which 1s also carried out in the physical layer 24.
Finally, the physical layer 24 provides bit-by-bit delivery of
data, a standardized interface transmission media imncluding
radio interfacing, modulation, and physical network topology
such as mesh or star networks. In addition, channel assign-

ments and/or changes are carried out 1n the network layer 24
and the data link layer 18.

[0119] FIG. 71s ablockdiagram of a WED 30 for receiving
data from, and transmitting data to, one or more networked
WIDs and/or WGDs. WED 30 generally includes a processor
32, such as a central processing unit, a wireless transceiver 34
and associated antenna 36, an input/output interface 40, a
clock 45 and support circuitry 42. The processor 32, wireless
transceiver 34, input/output interface 40, clock 45 and sup-
port circuitry 42 are commonly connected via a bus 44, which
also connects to a memory 38. Memory 38 can include both
volatile (RAM) and non-volatile (ROM) memory units, and
stores solftware or firmware programs 1n a program storage
portion and stores data 1n a data storage portion. The mnput/
output interface 40 sends and recerves information via a coms-
munication link to and from the associated end devices 46,
¢.g., process equipment such as meters, remote terminal units,
valves, sensors, tank level measuring devices, and the like.
The WED 30 can transmit to and receive from all other
devices. In a recerving mode, the WED 30 recerves instruc-
tions via the antenna 32 and transceiver 34. These instructions
are processed by the processor 32 and can be stored in
memory 38 for later use or cached. A timestamp 1s preferably
added to the data using the clock 45, or alternatively, with a
global positioning system. All devices in the network are
synchronized to allow for accurate delay calculations as
described below. The nstructions are conveyed to the end
device via the port 40. In a transmission mode, data 1s con-
veyed from the end device to the port 40, and passed to
memory 38. The data can be processed by the processor 36
including a timestamp generated by clock 45 or other means,
and sent across the network through the transceiver 34 and
antenna 32. The processor 32 generally operates using the
OSI model described above for end devices, and carries out
istructions for transmission and receipt of data.

[0120] FIG. 8A 1s a block diagram of a WID 30 for trans-
mitting to and receiving from all other devices, and for rout-
ing to other devices. WID 50 generally includes a processor
52, such as a central processing unit, a wireless transceiver 54
and associated antenna 56, a clock 635 and support circuitry
62. The processor 352, wireless transcetver 54, clock 65 and
support circuitry 62 are commonly connected via a bus 64,
which also connects to a memory 38. Memory 38 commonly
can include both volatile (RAM) and non-volatile (ROM)
memory units, and stores software or firmware programs 1n a
program storage portion and stores data in a data storage
portion. A routing table 190 specified 1n accordance with the
present invention resides in memory 58, 1.e., 1n the data stor-
age portion. In a receiving mode, the WID 50 recerves data
frames via the antenna 56 and transceiver 54. The data 1s
generally cached in memory 58, for instance, for transmission
when specified by the CSMA-CA protocol, or for retransmis-
s1on 1n the event of a failed frame transmission. In a transmis-
sion mode, data 1s conveyed from the memory to the trans-
ceiver 34 under control of the processor 52. In a receiving
mode, the WID 50 receives data frames via the antenna 56 and
transceiver 34. In a routing mode, data frames are received
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and transmitted. The clock 65 or other means such as a global
positioning system can add timestamps to recerved, transmit-
ted and/or routed data. The WID 50 has sufficient intelligence
to be able to address and route to specific communication
devices. The processor 32 generally operates using the OSI
model described above for intermediate devices, and carries
out 1structions for transmission, receipt and routing of data.

[0121] FIG. 8B 1s a block diagram of an MWID 50' for
transmitting to and receiving from all other devices, and for
routing to other devices. MWID 50' 1s stmilar 1in function and
architecture as WID 50, with the addition of a wired interface
53. As shown in FIGS. 4 and 5, the MWIDs (MWIDs 815 1n
FIG. 4 and MWIDs 915 in FIG. 5) 1n the system and method
ol the present invention are in hardwired communication with
other MWIDs (e.g., within the same FNS) and with IBs. In
addition, MWIDs can be provided in hardwired connection
directly with the DCS 1n the CCR (e.g., via an interface at the
CCR) or with MWGDs. Furthermore, MWIDs 50' can form
part of a MWID-IB set, wherein the JB 1s wired to the MWID
via the wired mterface 53. The routing table 190' stored 1n the
memory 38 of the MWID 50" includes the requisite FNSs
through which assigned paths pass. Further, data 192 1s also
provided which includes information about other MWIDs,
WIDs, WGDs, MWGDs, MWID-IB sets, MWGD-IB sets,
and/or the master MWGD. Data 192 1s used to dynamically
route data transmissions, on a packet-by-packet basis, as
required.

[0122] At least certain MWIDs 50", and 1n particular any
MWIDs 50' that serve as anchor packet selection devices
within an FNS, also includes a packet selection module 193
and a routing module 194. Since multiple copies of the same
transmitted packet originates from a particular source toward
a particular destination reach an anchor MWID within tier 2,
the packet selection module 193 (1) selects the best packet
among the various copies of recerved packets from different
paths, and (2) forwards the selected packet to the next tier,
either through wired or wireless paths, or both, depending on
the reliability requirements. Further, the routing module 194
supports the architecture of the FINSs and support the packet
selection module, including modified/expanded routing
tables (routing tables 190" described herein) to support the
following routing scenarios: (1) routing wireless packets to
the correct JBs; (2) routing packets to the correct anchor
packet selection device for particular source-destination pair;
(3) routing packet from one FNS to another FNS, and (4)
routing tables to assist in the wireless-wired networks inte-
gration. Note that the fTunctionalities of the packet selection
module 193 and a routing module 194 can be combined 1n a
single module.

[0123] FIG. 9A 1s a block diagram of a WGD 70 for trans-
mitting to and recerving from all other devices, for routing to
other devices, and 1n certain embodiments of the present
invention for practicing high level applications including pro-
tocol translation and assignment of paths for source-destina-
tion pairs. WID 70 generally includes a processor 72, such as
a central processing unit, a wireless transceiver 74 and asso-
ciated antenna 76, a clock 85 and support circuitry 82. The
processor 72, wireless transceiver 74, clock 85 and support
circuitry 82 are commonly connected via a bus 84, which also
connects to amemory 78. Memory 78 commonly can include
both volatile (RAM) and non-volatile (ROM) memory units,
and stores software or firmware programs 1n a program stor-
age portion and stores data 1n a data storage portion. A routing
table 190 specified 1n accordance with the present invention
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resides 1n memory 78, 1.e., in the data storage portion. Fur-
thermore, 1n certain embodiments of the present mvention,
the program storage portion of the memory 78 can include a
routing optimization module 110 and a set of routing rules
120. In recerving, transmission and routing modes, the WGD
70 operates 1n a manner similar to the operation of the WID
50. The processor 72 generally operates using the OSI model
described above for gateway devices, and carries out mstruc-
tions for transmission, receipt and routing of data. The WGD
70 has sufficient intelligence to be able to address and route to
specific communication devices. In addition, in certain
embodiments of the present invention, the processor 72 of the
WGD 70, 1 particular a master WGD 70 executes the logic
for the route optimization module 110, the end-to-end delay
mimmization module 210, the tier delay minimization mod-
ule 310, the delay minimization module 410, other modules
that apply constraints including one or more of throughput
and number of hops, or a combination including at least one
of the foregoing modules, and the path assignments are stored
in the routing table 190. In embodiments where the route
optimization module and associated logic 1s carried out 1n
other computing devices, the routing table 190 can be down-
loaded directly to the WIDs and WGDs for use during data
routing operations, or transmitted through the wireless net-
work 1n data frames and stored where required, 1.e., 1n the

routing WIDs and WGDs.

[0124] Incertain embodiments of the present invention, the
tier containing the WIDs can be bypassed, such that the
WEDs transmit to, and recerve from, WGDs. For 1nstance,
such a configuration 1s common in a wireless HART® pro-
tocol. In additional embodiments, WIDs can transmit frames
to, and recetve frames from, other WIDs, for instance,
whereby WGDs are bypassed.

[0125] FIG. 9B 1s a block diagram of an MWGD 70' for
transmitting to and receiving from all other devices, for rout-
ing to other devices, and in certain embodiments of the
present invention for conducting high level applications
including protocol translation and assignment of paths for
source-destination pairs. MWGD 70' 1s stmilar 1n function
and architecture as WGD 70, with the addition of a wired
interface 73. The MWGDs 1n the system and method of the
present invention are in hardwired communication with other
MWGDs, including the master WGD or master MWGD. In
addition, MWGDs can be provided in hardwired connection
directly with the MWIDs, JBs or MWID-IB sets. Further-
more, MWGDs 70' can form part of a MWGD-IB set,
wherein the JB 1s wired to the MWGD via the interface 73.
Therouting table 190’ stored 1n the memory 58 of the MWGD
50" includes the requisite FNSs through assigned paths pass.
Further, data 192 1s also provided which includes information
about other MWGDs, WIDs, WGDs, MWIDs, MWID-JIB
sets, MWGD-IB sets, and/or the master MWGD. This infor-
mation 1s used to dynamically route data transmissions, on a
packet-by-packet basis, as required.

[0126] In addition, 1n certain embodiments of the present
invention, the processor 72 of the MWGD 70, in particular a
master MWGD 70" executes the logic for the route optimiza-
tion module 110, the end-to-end delay minimization module
210", the tier delay minimization module 310", the delay mini-
mization module 410", other modules that apply constraints
including one or more of throughput and number of hops, or
a combination including at least one of the foregoing mod-
ules, and the path assignments are stored 1n the routing table

190'. Note that modules 110', 210", 310'and 410" are similar to
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modules 110, 210, 310 and 410, respectively, with the addi-
tional information related to the hardwired connections and
the field network sets used to determine the route optimiza-
tion module and associated logic. Furthermore, data 192 1s

also provided which includes information about other
MWGDs, WIDs, WGDs, MWGDs, MWID-IB sets, MWGD-

JB sets, and/or the master MWGD. Data 192 1s used to
dynamically route data transmissions, on a packet-by-packet
basis, as required.

[0127] At least certain MWGDs 70, and 1n particular any
MWGDs 30' that serve as anchor packet selection devices
within an FNS, also includes a packet selection module 193
and a routing module 194. Since multiple copies of the same
transmitted packet originates from a particular source toward
a particular destination can reach an anchor MWGD within
tier 3, the packet selection module 193 (1) selects the best
packet among the various copies of recerved packets from
different paths, and (2) forwards the selected packet to the
master WGD or to an MC, etther through wired or wireless
paths, or both, depending on the rehability requirements.
Further, the routing module 194 supports the architecture of
the FNSs and support the packet selection module, including
modified/expanded routing tables (routing tables 190
described herein) to support the following routing scenarios:
(1) routing wireless packets to the correct IBs; (2) routing
packets to the correct anchor packet selection device for par-
ticular source-destination pair; (3) routing packet from one
FNS to another FNS, and (4) routing tables to assist 1n the
wireless-wired networks integration. Note that the function-
alities of the packet selection module 193 and a routing mod-
ule 194 can be combined 1n a single module.

[0128] FIG.101s ablock diagram of the junction box router
(JBR) 922. JBR 922 generally includes a processor 972, such
as a central processing unit, a clock 985, an interface 973 and
support circuitry 982. The processor 972, interface 973, clock
9835 and support circuitry 982 are commonly connected via a
bus 984, which also connects to a memory 978. Memory 978
commonly can include both volatile (RAM) and non-volatile
(ROM) memory units, and stores soitware or firmware pro-
grams 11 a program storage portion and stores data 1n a data
storage portion. The data storage portion of memory 978
includes an address table 986, and the program storage por-
tion of the memory 978 includes a routing logic module 987
and a router management diagnosis module 988.

[0129] The nterface 973 serves as a routing engine that
provides functionality of a router switch, includes an inter-
tace 926 for wired connectivity to one or more MWID-JIBs or
MWGD-IBs, an interface 928 for wired connectivity to a
marshalling cabinet, an interface 930 for wired connectivity
to other JBRs or JIBs (within the same FNS or different FNS),

and an interface 932 for wired connectivity to the master
WGD of the network.

[0130] For wireless traflic routing, the MWIDs within an
FNS can be interconnected directly to other MWIDs. In cer-
tain preferred embodiments, MWIDs are interconnected
through the nearest JBs and/or JBR 1n the CCR (e.g., MWID
#1to JB #1 to JBR to IB #2 to MWID #2), thereby permitting
the various MWID-IBs and MWIDs within an FNS to operate
as a single wireless routing device covering a larger physical
area 1n the facility.

[0131] In addition, 1n accordance with the present mnven-
tion, the wireless plant network 1s interfaced with the wired
network, advantageously allowing existing JBs installed 1n a
tacility, typically having sufficient spare fiber optic/wire con-
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nectivity, to ensure that a large portion of the wireless paths
and/or links use wired connectivity. This reduces the wireless
congestion, and 1mproves the overall efficiency of the wire-
less network.

[0132] The following definitions and symbols are used
herein 1n the description of the route optimization module and
associated system and method of the present invention:
[0133] 1denotes usage class as described above, and can be
0,1, 2,3,4 or3J;

[0134] jdenotes the tier of the wireless device and canbe 1,
2 or 3;

[0135] D, denotes the traflic distribution, 1.e., percentage of
the total traflic, for class 1;

[0136] N, denotes the number of possible paths between a
source and a destination;

[0137] N_°7* denotes the minimum or optimum number of
paths for a source-destination pair 1n usage class 1;

[0138] x denotes the path number, 1.e. x=1, 2,3, ..., N_;
e.g., x=5 mean the 5 path out of N, paths;

[0139] |L(x)l denotes the number of intermediate links for
the x-th path;

[0140] IL 7’| denotes the maximum number of intermedi-
ate links for a path for a source-destination pair 1n usage class
i;

[0141] L(x,y)denotes the y-th link of the x-th path, for y=1,
2,3, ..., ILx)I;

[0142] ®D(L(X,y))denotesthe frame error probability for the
y-th link of the x-th path, and the link reliably profile 1s a
matrix consisting of all [1-®(L(x,y))];

[0143] &P(x)denotes the frame error probability for the x-th
path, e.g., ®(2) 1s the frame error probability of path 2, ®(2,5)
1s the etlective frame error probability for the combined path
2 and 5;

[0144] 1-P (1) denotes the end-to-end reliability require-
ments for class 1;

[0145] @ _(1)denotes the end-to-end frame error probability
requirements for class 1;

[0146] o denotes the maximum allowable frame error prob-
ability for a single link;

[0147] m(L(x,y))1s the existing throughput for the y-th link
of the x-th path;

[0148] m(L(x,y),max) 1s the maximum throughput for the
y-th link of the x-th path;

[0149] 1)(3.1,X) denotes the calculated delay 1n tier j for class
1 going through path x, and the tier delay profile 1s a matrix for
all 1(3,1,x);

[0150] 1 (1,j,max) denotes the maximum allowable delay 1n
tier j for class 1;

[0151] 1 (1,x) denotes the calculated delay for a particular
path x for class 1; and

[0152] 1) (1,max) denotes the maximum allowable end-to-
end delay for class 1.

[0153] Table 1 represents process control system require-
ments based upon each usage class:

TABLE 1
Traffic Reliability
Class Distribution  Requirements
(1) Class Description D. 1-D_(1)
0 Safety & Emergency Actions Dy 1-®_(0)
1 Closed-Loop Regulatory Control D, 1-P_(1)
2 Closed-Loop Supervisory Control D5 1-D _(2)
3 Open-Loop Control D, 1-®_(3)
4 Alerting D, 1-D_(4)
5 Logging D 1-P_(5)
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[0154] The following description and related equations set
forth an exemplary process and route optimization module for
determining and assigning one or more reliable paths for a
source-destination pair. However, one of ordinary skill 1n the
art will appreciate that deviations from the set of equations
that follow, including variations in sequence and precise defi-
nition of terms, can result 1n the same or an equivalent deter-
mination and assignment. Accordingly, in accordance with an
embodiment of the present invention, the method steps
described with respect to FIGS. 14A and 14B, FIGS. 15A and
15B, FIGS. 16A and 16B, FIGS. 17A and 17B, and variations
thereol, are implemented as a module, or set of instructions,
in a computing device, which can include a WGD or a sepa-
rate computing device. In the case of the module being
executed by a WGD, the module can be executed 1n a master
wireless gateway device, for instance, located 1n the CCR, or
alternatively by one or more of the additional wireless gate-
way devices within tier 3.

[0155] In embodiments in which the one or more modules
110, 210, 310, 410 are executed by a separate computing
device, the end results, 1.¢., the assignment and determination
of one or more reliable paths between a selected source-
destination pair, can be ascertained and uploaded to one or
more of the wireless gateway devices. In certain embodi-
ments employing a separate computing device, an adaptive
system 1s provided whereby communication between the
separate computing device and one or more WGDs 1s main-
tained continuously (wired or wireless). In an adaptive sys-
tem, one or more W(GDs can be programmed to look to the
separate computing device to determine and assign new paths
between one or more selected source-destination pairs. In
alternative embodiments, the WGDs and WIDs can commu-
nicate with the separate computing device periodically to
receive updates. In further alternative embodiments, one or
more W(GDs and/or WIDs can instruct the separate comput-
ing device to execute the route optimization module of the
present invention to alter assignments when performance
degradation 1s detected, for example, 1n the case of one or
more bad links or nodes within the wireless process control
and/or automation network.

[0156] An exemplary block diagram of a computer system
80 by which the route optimization module of the present
invention can be implemented 1s shown 1n FIG. 11. Computer
system 80 includes a processor 82, such as a central process-
ing unit, an iput/output interface 90 and support circuitry 92.
In certain embodiments, where the computer 80 requires a
direct human mterface, a display 96 and an input device 98
such as a keyboard, mouse or pointer are also provided. The
display 96, input device 98, processor 82, and support cir-
cuitry 92 are shown connected to a bus 94 which also connects
to a memory 88. Memory 88 includes program storage

Delay Requirements
Y1, J, max), (1, max)

P(0, |, max), P(0, max)
P(l, j, max), P(1, max)
P(2, ], max), P(2, max)
P(3, |, max), P(3, max)
Y4, |, max), P4, max)
P(3, ], max), P(5, max)
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memory 111 and data storage memory 191. Note that while
computer 80 1s depicted with direct human interface compo-
nents display 96 and input device 98, programming of mod-
ules and exportation of data can alternatively be accom-
plished over the interface 90, for instance, where the
computer 80 1s connected to a network and the programming
and display operations occur on another associated computer,
or via a detachable input device as 1s known with respect to
interfacing programmable logic controllers.

[0157] Program storage memory 111 and data storage
memory 191 can each comprise volatile (RAM) and non-
volatile (ROM) memory units and can also comprise hard
disk and backup storage capacity, and both program storage
memory 111 and data storage memory 191 can be embodied
in a single memory device or separated 1n plural memory
devices. Program storage memory 111 stores software pro-
gram modules and associated data, and in particular stores a
route optimization module 110, the end-to-end delay mini-
mization module 210, the tier delay minimization module
310, the delay minimization module 410, other modules that
apply constraints including one or more of throughput and
number of hops, or a combination including at least one of the
foregoing modules. Data storage memory 191 stores a set of
routing rules 120 and a routing table 190 generated by the one
or more modules of the present invention.

[0158] It 1s to be appreciated that the computer system 80
can be any computer such as a personal computer, minicoms-
puter, workstation, mainframe, a dedicated controller such as
a programmable logic controller, or a combination thereof.
While the computer system 80 1s shown, for illustration pur-
poses, as a single computer unit, the system can comprise a
group/farm of computers which can be scaled depending on
the processing load and database size. In addition, as

described above, the functionality of the computer system 80
can be executed by one or more of the WGDs, MWGDs,

and/or within the DCS.

[0159] The computing device 80 preferably supports an
operating system, for example stored 1n program storage
memory 111 and executed by the processor 82 from volatile
memory. According to an embodiment of the invention, the
operating system contains instructions for imterfacing the
device 80 to the wireless process control and/or automation
network, including the route optimization module of the
present invention as more fully discussed herein.

[0160] FIG. 12 shows six (6) types of trailic transmitted
between the source and the destination. Assignment of paths
1s determined in a manner to meet the usage class pertor-
mance requirement. For imstance, instead of having 4 paths to
cover all traffic between a source and a destination, paths are
assigned per usage class performance requirement.

[0161] FIG. 13 1s a block diagram representing the optimi-
zation framework 1n accordance with the present invention. A
suitable computer (e.g., computer 80 provided in the CCR

and/or at the master WGD) executes a set of modules 1010,
1020, 1030 and 1040. Module 1010 determines the architec-

ture configuration of IBs, MWIDs and MWGDs. Module
1020 determines the configuration of the FNSs, including the
number of FNSs, the size of each FNS (1.¢., number of com-
ponents), and the area of the plant that each FNS shall encom-
pass. Module 1030 1s a path optimization module. Module
1040 15 a packet selection module. The modules 1010, 1020,
1030 and 1040 are executed based on objectives 1050, inputs
1060, and constraints 1070, and generate outputs 1080.
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[0162] Objectives 1050 include minimization of the num-
ber of paths and transmitted packets for each source-destina-
tion pair per usage class. Inputs 1060 include the plant layout
(e.g., the physical location of the end devices and existing
control/automation mtermediate and gateway devices), trai-
fic distribution, location of junction boxes, network statistics,
the number of WIDs and MWIDs, the number of WGDs and
MWGDs, and the usage classes. Constraints 1070 include the
throughput per link, the reliability per link, the end-to-end
reliability, the number of neighboring FNSs, maximum
allowable tier delay and end-to-end delay, and allowable pro-
cessor loading of an MWID (e.g., the anchor MWID) for
packet selection 1n FNSs. The outputs 1080 include the
assigned and alternate paths for each source-destination pair
per usage class, for instance, in the form of a routing table.
[0163] FIG.14A1saschematic block diagram of a wireless
process control and/or automation network routing system
100 according to an embodiment of the present invention. In
general, the wireless process control and/or automation net-
work routing system 100 includes a route optimization mod-
ule 110, a set of routing rules 120, e.g., 1n the form of a routing
table, and hardware 80 for executing the route optimization
module 110 based on the set of routing rules 120. In general,
the route optimization module 110 1s executable by suitably
interconnected hardware 80, such as one or more wireless
gateway devices 80a, a separate computing device 80b, a
combination of one or more wireless gateway devices 80a and
a separate computing device 805, or other known processing
device.

[0164] Thesetofroutingrules1201scommonly in the form
of a rule table, although one of ordinary skill 1n the art of
computer science will appreciate that the set of rules can be 1n
a format other than a table, ¢.g., a database, a directory, or
other type of file structure. The set of routing rules 120 1n the
form of a rule table includes a source column 122, a destina-
tion column 124, a usage class column 126, a minimum
reliability requirement 1-® (1) column 128 and a column 130
specifying the minimum number of paths N °#* in a source-
destination pair per usage class. In general, the rules are
specified for end-to-end source-destination pairs, although 1n
certain embodiments 1t can be desirable to specily rules for
other source-destination pairs. For example, a destination
WGD can be provided with communication to the CCR out-
side of the route optimization module 110 of the present
invention. The route optimization module 110 uses this set of
routing rules 120 in certain steps or sub-modules as described
turther herein. The set of routing rules 120 can be stored in the
hardware 80, or in a separate and accessible computer
memory device, depending, for instance, upon the desired
system configuration.

[0165] Stllreferring to FIG. 14A, and also referring to FIG.
14B, the operation of an embodiment of the route optimiza-
tion module 110 1s shown 1n more detail. A path determina-
tion sub-module 150 determines at step 152 possible paths
between a selected source-destination pair. For example,
referring to FIG. 3, for the source-destination pair of the
wireless end device L17 and the wireless gateway device L35,
the wireless paths shown by dashed lines include:

[0166] (1) L17-1.293-1.292-1.36-1.35;
[0167] (1) L17-1.293-1.29-1.36-1.35;
[0168] (1) L 17-1.293-1.29-1.34-1.35;
[0169] (1v) L17-1.291-1.292-1.36-1.35;
[0170] (v)L17-1.291-1.292-1.34-1.35;
[0171] (v1) L17-1.291-1.28-1.34-1.35;
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[0172] (vn) L17-1.293-1.292-1.291-1.28-1.34-1.35;
[0173] (vin)L 17-1.291-1.292-1.293-1.29-1.36-1.35; and
[0174] (1x) L17-1.291-1.292-1.293-1.29-1.34-1.35.

For the source-destination pair of the wireless end device L13
and the wireless gateway device L31 at the central control
room, the paths shown by dashed lines include:

[0175] (1) L13-1.23-1.24-1.32-1.31;
[0176] (11)L13-1.23-1.32-1.31;

[0177] (1) L13-1.24-1.23-1.32-1.31;
[0178] (1v) L13-L.24-1.32-1.31;

[0179] (v) L13-L.24-1.25-1.32-1.31;
[0180] (v1) L13-1.24-1.25-1.26-1.32-1.31;
[0181] (vim1) L13-L.25-1.32-L.31;

[0182] (vin) L13-1.26-1.32-1.31

[0183] (ix) L13-1.25-1.24-1.32-1.31;
[0184] (x) L13-L.26-1.25-1.32-1.31; and
[0185] (x1) L13-1.26-1.25-1.24-1.32-1.31.

Note that while paths show that data frames generally hop
from a tier 1 node to one or more tier 2 nodes, and then to one
or more tier 3 nodes, 1n certain embodiments a path can
include data frames that hop from atier 2 node to a tier 3 node,
back to a tier 2 node and back to a tier 3 node, whereby
duplication of nodes within a path 1s generally avoided. How-
ever, as described further herein, such paths having a larger
number of hops will likely be eliminated from consideration
in preferred embodiments of the present invention. Of course,
one of ordinary skill 1n the art will recognize that other paths
not specifically marked 1n FIG. 3 are possible.

[0186] Next, a reliability calculation sub-module 160 cal-
culates at step 162 the reliability of each of the possible paths,
calculated from a link reliability profile. In certain alternative
embodiments, the listing of all of the paths can be prelimi-
narily filtered to eliminate those that are greater than a maxi-
mum number of links for a given usage class 1, |L,%?’|. For
example, if |L,%7’| is specified as five for all usage classes, an
excessive path link filter sub-module can be applied to discard
from the routing table 190 paths with more than five links, 1.¢.,
IL(x)I>IL,%*, such as paths (vii), (viii) and (ix) of the source-
destination pair of the wireless end device 17 and the wire-
less gateway device L335. Likewise, an excessive path link
filter sub-module can be applied to discard from the routing
table 190 paths (v1) and (x1) related to the source-destination
pair of the wireless end device .13 and the wireless gateway

device [L31.

[0187] In additional and/or alternative embodiments, as
described further herein, the link reliability profile data can be
obtained from empirical data of frame error rates of each link,
or derived from estimates calculated based upon the type of
hardware and network loading. For instance, an exemplary
profile of link FER values 1s given 1n Table 2 below:

TABLE 2

Link FER
Source Destination O(L(x,¥))
.13 .23 1.00E-05
.13 [.24 1.00E-06
113 125 5.00E=07
113 126 1.00E=07
123 132 5.00E—=04
.24 [.32 5.00E-06
L.25 [.32 5.00E-04
126 132 5.00E—03
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[0188] Thereliability 1-®(x) forapathx1s calculated from
the link reliability profile data 1n Table 2 as follows:

| L(x)

| (1)
L-d@) = | [ (-, y.
y=1

Calculations 1n accordance with Equation (1) are repeated for
cach path x for each source-destination patr.

[0189] Itisnoted thatalink 1n a path having a relatively low
reliability will adversely atlect the entire path performance,
even 1f the remaining links have relatively high reliabilities.
Therefore, 1t 1s advantageous to provide links with a small
variance 1n reliability within a path. In certain preferred
embodiments, this 1s accomplished by ensuring that:

O(Lix,y))=a forall y (2).

Paths x that include links v that do not meet Equation (2) are
climinated from consideration.

[0190] It 1s well known that the simultaneous transmission
of a frame over two independent paths connecting a source
and destination creates a higher reliability than 11 the frame
were only transmitted via a single path. Applied to the present
invention, when combining two imndependent paths, namely
X, and X, the effective reliability 1s expressed as:

1-D(x,%5 ) =1-D(x )* D(x>) (3),

and for N, independent paths, the effective reliability of the
combined N, paths, denoted by 1-®(x,, X,, . . ., XNP) 1S given

by:
Np (4)
1 —(I)(J.:l, X2, een J.:Np) =1- l_[ (Dix,,)).
w=1
[0191] In certain embodiments, 1n addition to calculating

the reliability of each of the possible paths, or etiective reli-
ability of groups of paths, at step 162, sub-module 160 or
another sub-module (not shown) performs an optional step
163 (shown by dashed lines) 1n which the throughput, number
of hops, delay (tier and/or end-to-end), or a combination of
one or more of throughput, number of hops and delay, for
cach of the possible paths 1s determined or calculated. This
determination or calculation can be used 1n path selection to
assign one or more paths that meet multiple constraints.

[0192] In additional embodiments, sub-module 160, and 1n
particular step 162 and optionally step 163, considers statis-
tics from the wireless process control and/or automation net-
work, indicated by step 164 1n dashed lines. Step 162 can
determine reliability of each of the possible paths based on
frame error rate statistics determined at each link, node and/or
path. In addition, step 163 can obtain statistics at step 164
related to one or more of determined reliability, calculated
throughput, calculated end-to-end delay and calculated tier
delay.

[0193] A reliable path i1dentification sub-module 170, at
step 172 1dentifies and selects a path, 1.e., reliable paths 1-®
(x), or set of paths, 1.e., 1-®O(x,, X,) or 1 -O(X;, X-, .. ., Xrr ),
from the possible paths x between a selected source-destina-
tion pair. The selected path or set of paths 1s 1dentified by
comparison to the mimmimum reliability requirements 1-®(1)
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specified 1n the set of routing rules 120. Accordingly, paths
meeting the following conditions are 1dentified as reliable:

1-P(x)=1-D(i) for each usage class (5),
and
L(x) 1s smallest (6).

Note that 1n circumstances 1n which combined independent
paths are selected, 1.e., a selected group of paths, the com-
parison of Equation (35) 1s carried out substituting 1 -®(x,, X,,)
calculated from Equation (3) or 1-®(X,, X, . . ., X, ) calcu-
lated from Equation (4) for 1-®(x). ’

[0194] In certain embodiments, the paths and/or group of
paths can be selected based on the condition that |L(x)| sat-
isfies the following constraint:

L7 =|L(x)| (7).

[0195] Finally, a path assignment sub-module 180 assigns
at step 182 the mimimum number of reliable paths for the
selected source-destination pair based on the minimum num-
ber of paths N_°7* for a source-destination pair specified in the
set of routing rules 120. These paths can be then assigned 1n
a path routing table 190, where the notations “A,” “B.,” “C”
and “D” refer to different paths that meet the conditions of
Equation (5) and have the lowest |L(Xx)|. Where the number of
paths having the lowest |L(x)| value do not meet the minimum
number of paths N.°?* for a source-destination pair, the path(s)
having the next largest |L(x)| are assigned so that the mini-
mum number of paths N,°?* for a source-destination pair is
provided. In the alternative, the paths selected satisty the
conditions of Equation (7). As described further herein, 1n
optional embodiments of the present invention, at step 182,
the path assignment sub-module 180 also considers addi-
tional constraints 1n assigning paths to the path routing table
190, including throughput, delay (end-to-end and/or tier),
number of hops, or a combination of one or more of through-

put, number of hops and delay, as indicated by step 183 in
dashed lines.

[0196] Furthermore, 1n additional embodiments of the
present mvention, the path assignment step 182 1s iterative,
wherein, based upon network statistics related to one or more
of calculated reliability, number of hops, calculated through-
put, calculated end-to-end delay and calculated tier delay,
certain paths are discarded and replaced with additional paths
to meet the minimum number of paths for a source-destina-
tion pair. This optional embodiment allows the system and
method to be adaptive to continuously maintain optimal net-
work traffic flow, and 1s comprehended 1n FIG. 14B with a
dashed connector between steps 162 and 182.

[0197] In certain embodiments, several combinations of
paths or groups of paths will meet the requirements of Equa-
tions (35)-(6). In these cases, the selection of the paths should
seeck a uniform distribution of traific over the network. The
method of the present invention therefore assigns the mini-
mum number of paths N.°?* for a source-destination pair and
in certain embodiments additional alternate paths. For
instance, as shown 1n path routing table 190, up to two alter-
nate paths are provided. The remaining set of paths N (N, %"+

2) are discarded.

[0198] For a particular source-destination pair, during nor-
mal operating conditions, data traffic 1s routed through the
assigned paths rather than the alternate paths. However, 1f
degradation in the usage class performance 1s sensed at either
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end, or at one of the links or nodes 1n an assigned path, data
traffic passes through both the assigned paths and the alter-
nate paths.

[0199] In certain alternative embodiments of the present
invention, the minimum number of paths for a source-desti-
nation pair 1s dynamically adjusted based on the usage class
reliability requirements 1-® (1) and variations in network
and/or traffic loading. The minimum number of paths N 7*
that meet the network reliability requirements can be deter-
mined such that:

DN, =D (i), for all 1 (8).

[0200] In an additional embodiment of the present mnven-
tion, consideration 1s given to a maximum allowable delay 1n
assignment of particular paths for a source-destination pair.
Accordingly, 1f the calculated delay exceeds the maximum
allowable delay for a given path, another path, e.g., a set of
WED, WID, and/or WGD, can be added to minimize delay.
Alternatively, or in conjunction, another radio frequency
channel and/or hopping pattern can be employed to minimize
delay for the given path.

[0201] In certain embodiments in which the path assign-
ment 1s based on usage class, one or more paths x are assigned
such that the following conditions are satisfied:

W, 5,x)=y(ji,max) forall 7, i, and x (9a),
and
Wi, x)=P(i,max) for all 7 and x (9b).

Paths x that do not meet the conditions of Equation (9a) or
Equation (9b) are discarded 1n this embodiment.

[0202] Incertain embodiments of the present invention, the
maximum allowable delay 1s considered 1n selecting the mini-
mum number of paths N,°?* for a source-destination pair
based on satisfaction of Equations (9a) and (9b).

[0203] Infurther embodiments of the present invention, the
method and system of the present invention defines a maxi-
mum allowable delay for frame transmission within each tier
1, Y(1,1,max), as a function of the class 1. The sum of all values
(1,1,max) for all 1 should not exceed the maximum system
delay constraints. Because wireless process control and/or
automation networks can be sensitive to delay, maintaining
the transport delay at each tier within the system maximum
allowable delay 1s desirable to ensure proper operation.

[0204] FIG. 14C 1s a flow process diagram illustrating the
operation of an embodiment of a route optimization module
110" adapted to prepare a routing table 190" 1n a system
including FNSs. A path determination sub-module 150 deter-
mines at step 152' possible paths between a selected source-
destination pair. Note that step 152' 1s similar to step 152 of
route optimization module 110, with the additional constraint
that the paths determination for each source-destination pair
requires passage through the anchor packet selection device,
¢.g., an MWID or 1n certain mstances an MWGD. This 1s
determined for N neighboring FNSs, wherein N 1s a prede-
termined value depending on various factors. In certain
embodiments, N can be selected as three (3), however this
value can be increased. Preferably itis notreduced below 3, as
the lowest value for the minimum number of paths N.%? in the

set of routing rules 120 1s generally 2, and 1t 1s desirable assign
paths that pass through different FNSs.

[0205] In addition, the optional steps 163" and 183" are
modified in module 110" as compared to steps 163 and 183 of
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module 110 by the inclusion of the number of neighboring
FNSs and CPU loading of the MWID (for packet selection
module).

[0206] The result of execution of the route optimization
module 110" 1s the creation of the routing table 190" as shown
in F1G. 14D. Routing table 190" 1s similar to routing table 190,
with the inclusion of columns for assigned FNSs, assigned
anchor packet selection (PS) device, alternate FNSs and alter-
nate anchor packet selection for each source-destination pair.
For instance, as shown in FIG. 14D, path “A” includes the
assigned anchor path selection device “4” 1n FNS “I””; path
“B” includes the assigned anchor path selection device “7” 1n
FNS “III”; path “C” includes the assigned anchor path selec-
tion device “1” 1 FNS “V”; and path “D” includes the

assigned anchor path selection device “5” in FNS “I1.”

[0207] In certain embodiments of the present mvention,
certain paths having wired connectivity are selected by the
route optimization module 110" as at least one of the assigned
paths for a source-destination pair for a give usage class,
presuming that such paths exceed the reliability of paths that
are entirely or substantially wireless. If more than one hard-
wired path 1s available, they will both be used as assigned
paths and/or alternative paths. In further embodiments, for
cach source-destination pair, at least one wireless path 1s
selected as an assigned or alternate path 1n the event that a
hardwired link to the CCR 1s disabled, due to an unexpected
failure or an anticipated disconnection (e.g., for service or
maintenance). Furthermore, 11 multiple paths are required to
meet a usage class requirement, 1n preferred embodiments

paths are selected for routing table 190' that pass through
different FNSs.

[0208] FIG. 15A 1s aschematic block diagram of a wireless
process control and/or automation network routing system
200 according to another embodiment of the present mven-
tion. In general, the wireless process control and/or automa-
tion network routing system 200 includes an end-to-end delay
minimization module 210, a set of maximum allowable end-
to-end delay rules 220, e.g., 1n the form of a maximum allow-
able end-to-end delay table, and hardware 80 for executing
the delay mimimization module 210. In general, the delay
mimmization module 210 i1s executable by suitably 1intercon-
nected hardware 80, such as one or more wireless gateway
devices 80a, a separate computing device 805, a combination
ol one or more wireless gateway devices 80a and a separate
computing device 80b, or other known processing device.
The end-to-end delay mimimization module 210 generally
includes a path determination sub-module 150, an end-to-end
delay calculation sub-module 260, a path identification sub-
module 270 and a path assignment sub-module 280.

[0209] Stullreferningto FIG. 15A, and also referring to FIG.
15B, the operation of an embodiment of the end-to-end delay
mimmization module 210 1s shown in more detail. A path
determination sub-module 150 determines at step 152 pos-
sible paths between a selected source-destination pair. This
step 152 and module 150 operate, for mstance, in the same

manner as described above with respect to FIGS. 14A and
14B.

[0210] Next, the end-to-end delay calculation sub-module
260 calculates at step 262 the end-to-end delay for each of the
possible paths determined 1n step 152. These calculations can
be based upon network statistics incorporated at step 264. For
instance, each transmitted frame includes a timestamp with
the time at which frame processing commences at the source.
When the frame i1s recerved by the destination, a receipt
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timestamp 1s incorporated, and the end-to-end delay can be
calculated based on the difference between the receipt time of
the destination and the time that frame processing com-
menced at the source. This calculation accounts for all frame
or packet processing time and transmission time at each node
in the path.

[0211] In certain embodiments, 1n addition to calculating
the end-to-end delay of each of the possible paths at step 262,
sub-module 260 or another sub-module (not shown) performs
an optional step 263 (shown by dashed lines) in which the
reliability, throughput, number of hops, tier delay, or a com-
bination of one or more of reliability, throughput, number of
hops and tier delay, for each of the possible paths 1s deter-
mined or calculated. This determination or calculation can be
used 1n path selection to assign one or more paths that meet
multiple constraints.

[0212] Next, atstep 272, the path identification sub-module
270 1dentifies acceptable paths by comparison of the calcu-
lated end-to-end delay with the maximum allowable end-to-
end delay specified in the set of maximum allowable end-to-
end delay rules 220. The set of maximum allowable end-to-
end delay rules 220 includes, in certain embodiments,
specified maximum allowable end-to-end delay 224 per
usage class 222, denoted as 1(1,max). Paths are identified as
acceptable 11 Equation (9b) set forth above 1s satisfied.

[0213] Finally, a path assignment sub-module 280 assigns
at step 282 the acceptable paths, 1.e., paths that satisty Equa-
tion (9b), to the routing table 190. In additional embodiments
of the present invention, at step 282, the path assignment
sub-module 280 also considers additional constraints in
assigning paths to the path routing table 190, including mini-
mum reliability (e.g., following the module 110 described
with respect to FIGS. 14 A and 14B),maximum throughput, a
maximum allowable tier delay, maximum number of hops, or
a combination of one or more of minimum reliability, maxi-
mum throughput, maximum number of hops and minimum
allowable tier delay, as indicated by step 283 1n dashed lines.

[0214] During network transmission incorporating the sys-
tem and method of the present invention, 11 a frame 1s recerved
at the destination with a calculated end-to-end delay that
exceeds the maximum allowable end-to-end delay, the path
through which that frame passed will be 1dentified 1n the
network statistics as unacceptable for failing to satisty the
end-to-end delay constraint. This information will be used to
dynamically discard that failed path from the routing table
190, and replace that path with one or more additional paths,
for instance, if necessary to meet any other specified con-
straints.

[0215] In addition, 1n still further embodiments of the
present invention, the path assignment step 282 1s iterative,
wherein, based upon network statistics related to one or more
of calculated reliability, calculated throughput, number of
hops and calculated tier delay, certain paths are discarded and
replaced with additional paths. The iterative nature of the
end-to-end delay minimization module 210 allows the system
and method to be adaptive to continuously maintain optimal
network traffic flow, and 1s comprehended in FIG. 15B with a
dashed connector between steps 262 and 282.

[0216] FIG. 15C 15 a flow process diagram 1llustrating the
operation of an embodiment of an end-to-end delay minimi-
zation module 210" adapted to prepare a routing table 190" 1n
a system 1ncluding FINSs. A path determination sub-module
150 determines at step 152' possible paths between a selected
source-destination pair. Step 152" includes the additional con-
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straints (as compared to step 152 of end-to-end delay mini-
mization module 210) described with respect to the route
optimization module 110", 1.e., that the paths determination
for each source-destination pair requires passage through the
anchor packet selection device for N neighboring FNSs

[0217] In addition, the optional steps 263' and 283' are
modified 1n module 210" as compared to steps 263 and 283 of
module 210 1n a stmilar manner as described with respect to
steps 163" and 183" in the route optimization module 110', 1.¢.,
by the inclusion of the number of neighboring FNSs and CPU
loading of the MWID (for packet selection module).

[0218] The result of execution of the end-to-end delay
mimmization module 210’ 1s the creation of the routing table
190" as shown i FIG. 15D. Note that this routing table 1s
similar to that shown with respect to FIG. 14D, with the
climination of the alternate paths, but the alternate paths can
also be provided 1n the routing table 190' created using the
end-to-end delay mimimization module 210'. Routing table
190" as shown 1n FIG. 15D 1s similar to routing table 190
shown 1n FIG. 15B, with the inclusion of columns for
assigned FNSs and assigned anchor packet selection (PS)
devices.

[0219] In certain embodiments of the present invention,
certain paths having wired connectivity are selected by the
end-to-end delay minimization module 210 as at least one of
the assigned paths for a source-destination pair for a give
usage class, presuming that such paths have an end-to-end
delay that 1s less than that of paths that are entirely or sub-
stantially wireless. If more than one hardwired path 1s avail-
able, they will both be used as assigned paths and/or alterna-
tive paths. In further embodiments, for each source-
destination pair, at least one wireless path 1s selected as an
assigned or alternate path 1in the event that a hardwired link to
the CCR 1s disabled, due to an unexpected failure or an
anticipated disconnection (e.g., for service or maintenance).
Furthermore, 1if multiple paths are required to meet a usage

class requirement, 1n preferred embodiments paths are
selected for routing table 190' that pass through different
FNSs.

[0220] FIG. 16A 1s a schematic block diagram of a wireless
process control and/or automation network routing system
300 according to yet another embodiment of the present
invention. In general, the wireless process control and/or
automation network routing system 300 includes a tier delay
minimization module 310, a set of maximum allowable tier
delay rules 320, e¢.g., 1n the form of a maximum allowable tier
delay table, and hardware 80 for executing the delay minimi-
zation module 310. In general, the delay minimization mod-
ule 310 1s executable by suitably imnterconnected hardware 80,
such as one or more wireless gateway devices 80a, a separate
computing device 805, a combination of one or more wireless
gateway devices 80q and a separate computing device 805, or
other known processing device. The tier delay minimization
module 310 generally includes a path determination sub-
module 150, a tier delay calculation sub-module 360, a link

identification sub-module 370 and a path assignment sub-
module 380.

[0221] Stillreferringto FI1G. 16 A, and also referring to FIG.
16B, the operation of an embodiment of the tier delay mini-
mization module 310 1s shown in more detail. A path deter-
mination sub-module 150 determines at step 152 possible
paths between a selected source-destination pair. This step
152 and module 150 operate, for instance, in the same manner

as described above with respect to FIGS. 14A and 14B.
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[0222] Next, the tier delay calculation sub-module 360 cal-
culates at step 362 the tier delay for each of the links or set of
links 1n tier 7 for the possible paths determined 1n step 152.
These calculations can be based upon network statistics
incorporated at step 364. For instance, each transmitted frame
includes a timestamp with the time at which frame processing
commences at the source. When the frame 1s transmitted from
the last node 1n the given tier, a transmission timestamp 1s
incorporated, and the tier delay can be calculated based on the
difference between the transmission time at the last node 1n
the tier 1 and the time that frame processing commenced at the
first node 1n the tier j. This calculation accounts for all frame
or packet processing time and transmission time at each node
in the path 1n tier j.

[0223] In certain embodiments, 1n addition to calculating
the tier delay of each of the possible paths at step 362, sub-
module 360 or another sub-module (not shown) performs an
optional step 363 (shown by dashed lines) 1n which the reli-
ability, throughput, number of hops, end-to-end delay, or a
combination of one or more of reliability, throughput, number
ol hops and end-to-end delay, for each of the possible paths 1s
determined or calculated. This determination or calculation
can be used 1n path selection to assign one or more paths that
meet multiple constraints.

[0224] Next, at step 372, the link identification sub-module
3’70 identifies acceptable links or sets of links by comparison
of the calculated tier delay with the maximum allowable tier
delay specified 1n the set of maximum allowable tier delay
rules 320. The set of maximum allowable tier delay rules 320
includes, 1n certain embodiments, specified maximum allow-
able tier delay 326 per usage class 1322 per tier 328, denoted
as(j,1,max). A link or a set of links 1s identified as acceptable
il Equation (9a) set forth above 1s satisfied. The steps 362 and
372 are repeated for each tier 1 within a path, or unless a
calculated tier delay exceeds the maximum allowable tier
delay, at which point the path 1s discarded.

[0225] Finally, after Equation (9a) 1s satisfied for all tiers
within a given path, the path assignment sub-module 380
assigns at step 382 the acceptable paths to the routing table
190. In additional embodiments of the present invention, at
step 382, the path assignment sub-module 380 also considers
additional constraints 1n assigning paths to the path routing
table 190, including reliability (e.g., following the module
110 described with respect to FIGS. 14 A and 14B), through-
put, a maximum allowable end-to-end delay, number of hops,
or a combination of one or more of throughput, number of
hops and tier delay, as indicated by step 383 1n dashed lines.

[0226] During network transmission incorporating the sys-
tem and method of the present invention, 11 a frame 1s recerved
at the end of a tier with a calculated tier delay that exceeds the
maximum allowable tier delay, that frame will be dropped,
and the link or set of links within the tier will be 1dentified 1n
the network statistics as unacceptable as failing to satisiy the
end-to-end delay constraint. This information will be used to
dynamically discard the one or more paths including that link
or set of links from the routing table 190, and replace the one
or more discarded paths with one or more additional paths, for
instance, 1 necessary to meet any other specified constraints.

[0227] In addition, 1n still further embodiments of the
present invention, the path assignment step 382 1s iterative,
wherein, based upon network statistics related to one or more
of calculated reliability, calculated throughput, number of
hops and calculated tier delay, certain paths are discarded and
replaced with additional paths. The iterative nature of the tier
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delay module 310 allows the system and method to be adap-
tive to continuously maintain optimal network tratfic flow,
and 1s comprehended 1n FIG. 16B with a dashed connector
between steps 362 and 382.

[0228] FIG. 16C 15 a flow process diagram illustrating the
operation of an embodiment of a tier delay minimization
module 310" adapted to prepare a routing table 190' 1n a
system including FNSs. A path determination sub-module
150 determines at step 152' possible paths between a selected
source-destination pair. Step 152' includes the additional con-
straints (as compared to step 152 of tier delay minimization
module 310) described with respect to the route optimization
module 110", 1.e., that the paths determination for each
source-destination pair requires passage through the anchor
packet selection device for N neighboring FNSs

[0229] In addition, the optional steps 363' and 383' are
modified in module 310" as compared to steps 363 and 383 of
module 310 1n a similar manner as described with respect to
steps 163' and 183" in the route optimization module 110, 1.¢.,
by the inclusion of the number of neighboring FNSs and CPU
loading of the MWID (for packet selection module).

[0230] The result of execution of the tier delay minimiza-

tion module 310" 1s the creation of the routing table 190" as
shown 1n FIG. 14D or 15D.

[0231] In certain embodiments of the present invention,
certain paths having wired connectivity are selected by the
tier delay minimization module 310" as at least one of the
assigned paths for a source-destination pair for a give usage
class, presuming that such paths have a tier delay that 1s less
than that of paths that are entirely or substantially wireless. IT
more than one hardwired path 1s available, they will both be
used as assigned paths and/or alternative paths. In further
embodiments, for each source-destination pair, at least one
wireless path 1s selected as an assigned or alternate path in the
event that a hardwired link to the CCR 1s disabled, due to an
unexpected failure or an anticipated disconnection (e.g., for
service or maintenance). Furthermore, 1f multiple paths are
required to meet a usage class requirement, 1 preferred
embodiments paths are selected for routing table 190' that

pass through different FNSs.

[0232] FIG. 17A 1s aschematic block diagram of a wireless
process control and/or automation network routing system
400 according to still another embodiment of the present
invention. In general, the wireless process control and/or
automation network routing system 400 includes a delay
mimmization module 410, a set of maximum allowable delay
rules 420, e.g., i the form of a maximum allowable delay
table incorporating maximum allowable tier delay values 426
for tiers 1 428 1n a given usage class 1 422 and maximum
allowable end-to-end delay values 424 for a given usage class
1422, and hardware 80 for executing the delay minimization
module 410. In general, the delay minimization module 410
1s executable by suitably interconnected hardware 80, such as
one or more wireless gateway devices 80a, a separate com-
puting device 805, a combination of one or more wireless
gateway devices 80a and a separate computing device 805, or
other known processing device. The tier delay minimization
module 410 generally includes a path determination sub-
module 150, an end-to-end delay calculation sub-module
460, a potentially acceptable path 1dentification sub-module
465, a tier delay calculation sub-module 470, a link 1dentifi-
cation sub-module 475 and a path assignment sub-module

480).
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[0233] Stillreferring to F1G. 17A, and also referring to FIG.
17B, the operation of an embodiment of the delay minimiza-
tion module 410 1s shown 1n more detail. While the steps of
incorporating network statistics, and determining and
employing the additional {factors including reliability,
throughput and total number of hops for the assignment of
paths, are not specifically shown with respect to FIG. 17B for
sake of clarity, one of skill 1n the art will appreciate based on
the previous embodiments described herein that these addi-
tional steps can be incorporated 1n the module 410.

[0234] As shown in FIG. 17B, a path determination sub-
module 150 determines at step 152 possible paths between a

selected source-destination pair. This step 152 and module
150 operate, for 1nstance, 1 the same manner as described

above with respect to FIGS. 14A and 14B.

[0235] Next, the end-to-end delay calculation sub-module
460 calculates at step 462 the end-to-end delay for each of the
possible paths determined 1n step 152. These calculations can
be based upon network statistics (not shown 1n FIG. 17B), for
instance, as discussed with respect to FIG. 15A (reference
numeral 264). For instance, each transmitted frame includes
a timestamp with the time at which frame processing com-
mences at the source. When the frame 1s received by the
destination, a receipt timestamp 1s incorporated, and the end-
to-end delay can be calculated. This calculation accounts for
all frame or packet processing time and transmission time at
cach node 1n the path.

[0236] In certain embodiments, for instance, as depicted 1n
FIG. 15A (reference numeral 263), in addition to calculating
the end-to-end delay of each of the possible paths at step 462,
sub-module 460 or another sub-module performs an optional
step in which the reliability, throughput, number of hops, or a
combination of one or more of reliability, throughput and
number of hops for each of the possible paths 1s determined or
calculated. This determination or calculation can be used 1n
identification of potentially acceptable paths as described
below with respect to sub-module 465 and step 467 to desig-
nate one or more paths that meet multiple constraints.

[0237] Next, at step 467, the potentially acceptable path
identification sub-module 465 identifies potentially accept-
able paths by comparison of the calculated end-to-end delay
determined at step 462 with the maximum allowable end-to-
end delay specified 1n the set of delay rules 420 (column 424).
The set of delay rules 420 1includes, 1n certain embodiments,
specifled maximum allowable end-to-end delay 424 per
usage class 422, denoted as 1(1,max). Paths are identified as
potentially acceptable 11 Equation (9b) set forth above 1s
satisfied.

[0238] In the method of the module 410, even though cer-
tain paths can be identified as potentially acceptable at step
467, these potentially acceptable paths will not be assigned to
the routing table 190 11 any one of the tier delays exceeds the
maximum allowable tier delay \(3,1,max). Therefore, the tier
delay calculation sub-module 470 and link 1dentification sub-
module 475 are incorporated to ensure that the delay at each
tier meets the constraints. In particular, the tier delay calcu-
lation sub-module 470 calculates at step 472 the tier delay for
cach of the links or set of links 1n tier 1 for the possible paths
determined 1n step 152. These calculations can be based upon
network statistics, for instance, as described with respect to
FIG. 10 (reference numeral 364). For example, each trans-
mitted frame includes a timestamp with the time at which
frame processing commences at the source; when the frame 1s
transmitted from the last node 1n the given tier, a transmission
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timestamp 1s mcorporated, and the tier delay can be calcu-
lated based on all frame or packet processing time and trans-
mission time at each node in the path 1n tier 5.

[0239] In certain embodiments, 1n addition to calculating
the tier delay of each of the possible paths at step 472, sub-
module 470 or another sub-module performs an optional step
in which the reliability, throughput, number of hops, or a
combination of one or more of reliability, throughput and
number of hops for each of the possible paths 1s determined or
calculated, as described with respect to FIG. 16B (reference
numeral 363).

[0240] Next, at step 477, the link 1dentification sub-module
4’75 1dentifies acceptable links or sets of links by comparison
of the calculated tier delay with the maximum allowable tier
delay specified 1n the set of maximum allowable tier delay
rules 420. A link or a set of links 1s 1dentified as acceptable 1T
Equation (9a) set forth above 1s satisfied. The steps 472 and
4777 are repeated for each tier ;1 within a path, or unless a
calculated tier delay exceeds the maximum allowable tier
delay, at which point the path 1s discarded.

[0241] Finally, after Equation (9a) 1s satisfied for all tiers
within a given path, the path assignment sub-module 480
assigns at step 482 the acceptable paths to the routing table
190. In additional embodiments of the present invention, at
step 482, the path assignment sub-module 480 also considers
additional constraints in assigning paths to the path routing
table 190, including reliability (e.g., following the module
110 described with respect to FIGS. 14A and 14B), through-
put, number of hops, or a combination of one or more of

reliability, throughput and number of hops, as indicated by
step 383 1n FIG. 16B.

[0242] In addition, 1n still further embodiments of the
present mvention, the path assignment step 482 1s iterative,
wherein, based upon network statistics related to one or more
of determined reliability, calculated throughput, number of
hops and calculated tier delay, certain paths are discarded and
replaced with additional paths. The iterative nature of the
delay module 410 allows the system and method to be adap-
tive to continuously maintain optimal network traific flow,
and 1s comprehended 1n FIG. 17B with a dashed connector
between steps 462 and 482.

[0243] FIG. 17C 15 a flow process diagram illustrating the
operation of an embodiment of a delay minimization module
410" adapted to prepare a routing table 190" 1n a system
including FINSs. A path determination sub-module 150 deter-
mines at step 152' possible paths between a selected source-
destination pair. Step 152" includes the additional constraints
(as compared to step 152 of tier delay minimization module
410) described with respect to the route optimization module
110", 1.e., that the paths determination for each source-desti-
nation pair requires passage through the anchor packet selec-
tion device for N neighboring FINSs

[0244] The result of execution of the tier delay minimiza-

tion module 310" 1s the creation of the routing table 190" as
shown 1n FIG. 14D or 15D.

[0245] In certain embodiments of the present invention,
certain paths having wired connectivity are selected by the
delay minimization module 410" as at least one of the
assigned paths for a source-destination pair for a give usage
class, presuming that such paths have a delay that 1s less than
that of paths that are entirely or substantially wireless. If more
than one hardwired path 1s available, they will both be used as
assigned paths and/or alternative paths. In further embodi-
ments, for each source-destination patir, at least one wireless
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path 1s selected as an assigned or alternate path 1n the event
that a hardwired link to the CCR 1s disabled, due to an unex-
pected failure or an anticipated disconnection (e.g., for ser-
vice or maintenance). Furthermore, if multiple paths are
required to meet a usage class requirement, 1n preferred
embodiments paths are selected for routing table 190' that

pass through different FNSs.

[0246] In additional embodiments as discussed above, the
maximum allowable throughput for a given link n(L{(x,y),
max) 1s considered 1n the selection of the minimum number of
independent paths N.°?* and/or the assignment of particular
paths for a source-destination pair such that the following
condition 1s satisfied:

N(L(x,v))=n(L(x,v),max) for all y (10).

[0247] In the event that the minimum number of 1ndepen-
dent paths N,°?? or the combination of the minimum number
of independent paths N.°?* and the allowed number of alter-
native paths cannot be assigned, one or more of the following

can be implemented until the constraints are met: (1) add
another path, e.g., a set of WED, WID, MWID, MWID-JB,

WGD, MWGD and/or MWGD-IB, to boost reliability,
throughput or minimize delay; (2) improve the reliability of
the weakest link through redundancy; and/or (3) use other RF
channels and/or hopping patterns.

[0248] In still further embodiments of the present mnven-
tion, based on the traific distribution and throughput, the
number of channels per selected paths 1s determined to ensure
that the maximum allowable tier delay (1,;,max) and n(L(x,
y),max) are both satisfied. Paths with 11(1,1,x) that exceed the
maximum allowable tier delay (1,j,max) or the end-to-end
P(1,max) will either (1) be replaced with other paths, or (2)
amended with multiple channels per path, 1n order to meet
process control system usage class requirements.

[0249] In accordance with conventional data frame archi-
tecture that 1s well known to those skilled 1n the art, each
frame 1s supplied with a digit indicating whether it 1s an
original transmaission or a retransmitted frame. In accordance
with certain embodiments of the present invention, the con-
ventional data frame architecture 1s modified to reflecting its
usage class level. A usage class digit (UCD) 1s added 1n the
routing table for each source-destination pair to be utilized
during the routing of a frame. This UCD 1s utilized in data
frame transmission so that frames are dropped 1f the frame
usage class 1s greater than the UCD. That 1s, the system will
route a frame only when the frame usage class 1s less than or
equal to the UCD. In certain embodiments, for retransmitted
frames, the process will allow passing the retried frames

through the assigned and alternate paths 1rrespective of the
UCD.

[0250] Table 3 below 1s a partial representation of a routing
table between certain pairs of WIDs and WGDs, MWIDs and
MWGDs, WIDs and MWGDs, or MWIDs and WGDs, which
includes an 1indication of a UCD for the depicted pairs. Note
that the pairs can be direct links or links with intermediate
hops. For example, path 1 1s a path between source address
4E22 and destination address 22A4, and 1s an assigned path
for frames with a UCD of 3, whereby an initially transmatted
frame with usage class 0, 1, 2 or 3 will be passed, but an
initially transmitted frame with a usage class o1 4 or 5 will not
be passed. Path 2 1s an alternative path between the same
source-destination pair with a UCD of 5 or lower, whereby
retransmitted frames of all classes will be passed through the
path. Path 3 1s an alternate path between the 4B78 and 22A4
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source-destination address pair for all usage classes, 1.e., all
retransmitted frames will pass. Path 4 1s an assigned path
between 4E22 and 22D9 for all usage classes. Path 5 1s an
alternate path between 4EAA and 22D9 for class 0, 1 and 2

only.

TABL.

(L]

3

(Part of the) Routing table

source Dest.
Address Address
WID/ WGD/
Path MWID MWGD UCD Path Type
1 4E22 22A4 3 AS
2 4E22 22A4 5 AL
3 4B78 22A4 5 AL
4 4E22 22D9 5 AS
5 AEAA 22D9 2 AL

AS = Assigned Path
Al = Alternate Path

[0251] The method and system of the present invention
includes dynamic adjustment of routing to allow assigned and
alternative paths to pass traific irrespective of the usage class
when either of the following events occur: (a) when a timeout
occurs, either due to a violation of the maximum allowable
delay (tier and/or end-to-end) or because an acknowledge
message 1s not received, the assigned and alternate paths for
the source-destination pair (where the timeout occurs) will
allow all frames to pass wrrespective of the usage class; (b)
when the frame error probability for a link within an assigned
path exceeds a specified threshold, all source-destination
pairs with an assigned path through this link allows the
assigned and alternate paths to pass all traific. A message for
adjustment of the routing table 190 or 190' can be 1nitiated by
the master WGD and/or the device that executed the route
optimization module 110. The adjustment of the routing table
can be effective for a preset time duration, or until a second
message 1s received requesting reversion to normal routing,
settings.

[0252] Inadditional embodiments of the present invention,
a combination of the above-described constraints 1s 1mple-
mented to optimize and select routes for a wireless process
control and/or automation network. For each particular pair
of source and destination, N, 1s minimized such that Equation
(8) 1s satisfied for all 1, with the additional conditions that
Equations (2), (6), (9a) and (10) are satisfied. If any of Equa-
tions (8), (2), (6), (9a) and (10) are not satisfied, than:
[0253] a. another path, 1.e., a set of WED, WID, MWID,
MWID-JIB, WGD, MWGD and/or MWGD-JB, can be added

to boost reliability, throughput or minimize delay;

[0254] b. the reliability of the weakest link can be improved
through redundancy;

[0255] c¢. other radio frequency channels and/or hopping
patterns can be used; or

[0256] d. any combination of (a), (b) and (¢) can be imple-
mented.

The process 1s repeated for each source-destination pair 1n the
wireless process control and/or automation network, or each
source-destination pair 1n the wireless process control and/or
automation network for which optimization according to the
present invention 1s desired.

[0257] The above route optimization module described
with respect to FIGS. 14A-14C, optionally including the
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additional steps or sub-modules, can be implemented with
respect to the entire network or certain source-destination
pairs. In embodiments 1n which the path optimization process
1s implemented for the entire network, the above process,
optionally including the additional steps or embodiments, 1s
repeated for each source-destination pair 1n the system. In
embodiments 1 which the path optimization process 1is
implemented for certain selected source-destination pairs, the
above process, optionally including the additional steps or
embodiments, 1s repeated for the source-destination pairs to
be optimized. To prevent channel congestion with respect to
pairs that are not optimized, routing rules can be implemented
that prioritize the selected source-destination pairs through
the assigned paths, or through the assigned paths and alternate
paths 1n embodiments 1n which alternate paths are provided.
In further embodiments, the assigned paths, or the assigned
paths and alternate paths 1n embodiments 1n which alternate
paths are provided, can be reserved exclusively for the source-
destination pairs selected for optimization according to the
method and system of the present invention.

[0258] In accordance with the present invention, once the
routing table 1s established that assigns a minimum number of
reliable paths, and 1n certain embodiments alternate paths,
between a source-destination pair for a given usage class,
frames for retransmission are selected based on the routing
table. When a packet 1s transmitted from a particular source
within a given usage class, when this packet reaches any
device, e.g., WID, WGD, MWID or MWGD 1n the network,
the following decisions will be made for appropriate retrans-
mission:

[0259] If the device 1s within the assigned paths for a
particular source and destination pair usage class, this
packet will be transmitted to the next device(s) 1n the
path(s):

[0260] If this device 1s within the alternative paths for a
particular source and destination pair usage class and
there are no exceptions, this packet will be dropped (1.¢.
will not be transmitted to the next device(s) in the path
(8));

[0261] If this device 1s not within the assigned/alterna-
tive paths for a particular source and destination pair
usage class, this packet will be dropped (1.e. will not be
transmitted to the next device(s) 1n the path(s)).

[0262] Referring to FIG. 18, an overview 1100 of steps
involved 1n executing the hybrid system including integrating
existing JBs, incorporating new MWID(s) and MWGD(s),
defining the FNS(s), and setting the anchor packet selection
device for each FNS 1s shown. The steps are carried out
generally 1n accordance with the specific modules described
herein.

[0263] Suitable JBs are determined at step 1101 for wired/
wireless integration. The locations of new MWID(s) and
MWGD(s) 1s determined at step 1102. Required interconnec-
tivity changes are determined for wired/wireless integration
at step 1103. The number and size of FNS(s) are determined
at step 1104. The 1nitial anchor MWID(s) or MWGD(s) for
cach source-destination pair 1s determined at step 1105. The
total number of paths for a source-destination pairs per usage
class g 1s determined at step 1106. A counter h 1s set at step
1107. At step 1108a, a set of paths is determined for the h”
source-destination pair per usage class, subject to the joint
constraints mputted at step 11085, including maximum tier
delay, maximum end-to-end delay, maximum throughput,
minimum link reliability level, required minimum reliability
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per usage class, MWID CPU maximum usage level, and the TARI E 4
maximum number of links per path. At query step 1009, 1t 1s
determined whether the set of paths meet all of the con- - | M(L{x, ¥))
straints. If not, improvements are identified at step 1110, source Destination Link FER (kbps)
including adding additional MWID(s) and/or MWGD(s), RF 113 193 1 00F—05 0
engineering, adding additional FNS(s), or upgrading equip- .13 1.24 1.00E-06 0
ment. If the constraints are met in query step 1009, h 1s L13 L.25 5.00E-07 0
incremented by 1. At query step 1112, 1t 1s determined L1 L26 1.ODE=07 0
_ .23 .32 5.00E-04 oU
whether h=g. If not, the process returns to step 1108a. If query
: : L.24 .32 5.00E-06 30
step 1112 determines that h=g, at step 1113, the set of paths 1s I 95 I 19 5 00E_04 70
assigned for the source-destination pair per usage class, and 196 132 5 00FE-03 90
the routing table 1s populated. The process repeats for each
source-destination pair per usage class. At query step 1114,
TABLE 5
Maximum
Allowable
FER Traffic Mix  End-to-End Tier 1 Tier 2 Tier 3
Class D _(1) D, Y1, max) P, 1, max) (1, 2, max) P(1, 3, max)
0 1.00E-08 0% 0.3 sec 0.1 sec 0.1 sec 0.1 sec
1 1.00E-08 8% 0.5 sec 0.2 sec 0.2 sec 0.1 sec
2 1.00E-07 10% 0.5 sec 0.2 sec 0.2 sec 0.1 sec
3 1.00E-06 12% 1 sec 0.4 sec 0.3 sec 0.3 sec
4 1.00E-05 35% 5 sec 2 sec 2 sec 1 sec
5 1.00E-05 35% 5 sec 2 sec 2 Sec 1 sec
which can be continuous or interim, 1t 1s determined whether [0267] Applying the given data into the process simulation

there 1s any change 1n tratfic loading, traific distribution, or
performance level, whether there 1s external interference, or
whether there are hardware additions. If so, the process
returns to step 1106.

[0264] For the purpose of demonstrating a wireless process
control system using the optimization process and system of
the present invention, reference 1s made to the portion of an
ISA-SP100 network shown 1n FIG. 19. The portion depicted
includes a single source-destination pair with multiple paths.
Each wireless link has a maximum capacity of 250 kbps, and
an effective achievable throughput of 100 kbps, since the
maximum achievable throughput 1s typically in the range of
40% of link capacity for CSMA-CA protocols and the like.
The links’ frame error rate profiles are given 1n Table 4, which
also provides the existing levels of throughput per link. The
process control equipment at WID L13 1s assumed to generate
60 kbps when commissioned to the network, where 40 kbps1s

the traffic going to the CCR (uplink) and 20 kbps 1s the traffic
coming from the CCR to .13 (downlink).

[0265] Frame retransmission rates are assumed to be below
1% for all classes of service. It should be noted that these FER
values will depend on the specifics of the underlying physical
layer, e.g., type of digital modulation and error control cod-
ing, radio channel path loss and fading, co-channel interfer-
ence, etc. For illustration, typical FER values are assumed.

[0266] In Table 5, the required FERSs per class are listed,
and a typical traific mix across the difierent classes of service
1s represented by the percentage of frames belonging to Class
0, 1, 2, 3, 4 and 5. In addition, assumed limits for total
end-to-end delay and per-tier delay are specified. In general,
delay values will be related to the traffic loading and queuing/
priority mechamsms. Actual delay values per link can be
obtained empirically from message timestamps. Depending
on the number of hops that a given frame has to make, the
accrued delay can be computed, which are accounted for 1n
the optimization system and method of the present invention
to provide a certain end-to-end delay.

model, the paths’ frame error probabilities are calculated as
shown 1n Table 6. The frame error probabilities when trans-
mitting frames over multiple independent paths are then cal-
culated as 1n Table 7. Based on the optimized routing method
and system of the present invention, the assigned and alter-
nating paths are given 1n Table 8. For the purpose of the
present example, no more than 2 paths are assigned.

[0268] Table 9 provides the resulting links’ throughputs

following the path assignment of Table 8. Since the through-
put of 1L.26-1.32 exceeds 100 kbps, a second RF channel 1s
provided to support this traffic.

TABLE 6
Path
Path Designation O(L(x,V))
[.L13-1.23-1.32 A 5.10E-04
[.L13-1.24-1.32 B 6.00E-06
[.13-1.25-1.32 C 5.00E-04
[.L13-1.26-1.32 D 5.00E-03
TABLE 7
Associated FER with Selected Paths
X D(x) X D(x)
A 5.10E-04 B & C 3.00E-09
B 6.00E-06 B&D 3.00E-0R
C 5.00E-04 C&D 2.50E-06
D 5.00E-03 A&B&C 1.53E-12
A&B 3.06E-09 A&B&D 1.53E-11
A&C 2.55E-07 B&C&D 1.50E-11
A&D 2.55E-06 A&B&C&D 7.66E-15
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TABLE 8
Assigned Alternate
Class path path
0 A&B C&D
1 A&B C&D
2 A&B C&D
3 A&B C&D
4 B A&C
5 B A&C
TABLE 9
Link Throughput
Throughput
Source Destination (kbps)
L.13 L.23 46
13 .24 60
.13 L.25 40
13 L25 40
[.23 .32 92
L.24 .32 90
L.25 .32 90
L26 .32 110

[0269] The “normalized” spectrum usage (counted per RF
channel use) can be estimated by taking 1nto account the total
number of RF channel occupancies for the end-to-end con-
nection. This can be calculated as follows:

U = Z D;N; (1)

where D, represents the traflic distribution percentage for
class 1, and N, 1s the number RF channels occupied per class.
This expression applies to the standard (1.e., non-optimized)
operation procedure. However, with the optimization algo-

rithm of this i1nvention, the normalized spectrum usage
becomes:

12
U = Z DiN7* + PFEIZ D;(N{" +2) -

where P, . 1s the average retransmitted probability in the sys-
tem. By applying these formulas for the specific parameters
used in this example, under standard non-optimized operation
the following result for spectrum utilization 1s attained:

U=1+4%(0%+8%+10%+12%+35%+35%)=3,

since there 1s one RF transmission from .13 to a WID, and
four separate RF transmissions going from WID to WGD. On
the other hand, the normalized spectrum usage 1s obtained as
tollows for the case of the process optimization of this mven-
tion:

U= [14+2%(8%+10%+12%)+1%(35%+35%)]+0.01*4

[(8%0+10%+12%)+3%(35%+35%)]=2.4 where
1% retransmission probability 1s assumed.

[0270] The ratio of 5/2.4=2 indicates that double the spec-
trum would be required if the process optimization of this
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invention 1s not followed. Notably, these savings 1n spectrum
consumption do not preclude meeting the mimimum usage
class requirements.

[0271] This optimization procedure can also significantly
reduce power consumption for the nodes. Battery power
usage 1s directly proportional to the number of transmitted
and recerved frames, and 1s not significantly impacted by
other processing activities such as encryption, authentication,
heartbeat signal, and the like. FIGS. 20A and 20B show the
normalized power usage (which 1s proportional to the number
of frames transmitted and received) from 113 to L.32, with
and without the optimization scheme. Note that for the pur-
pose of F1IGS. 20A and 20B, a single transmission consists of
a frame sent from L13 to L32 and the acknowledgement
frames sent from .32 to L13.

[0272] FIG. 20A 1ndicates that the number of received
frames for the four WIDs remains the same with and without
the optimization scheme, whereas the number of transmitted
frames drops from 8 to 2.3 frames when the optimization
scheme 1s implemented. FIG. 20B demonstrates that the num-
ber of frames received by the WED and WGD drop from 8 to
2.6 for a single transmission, while the number of transmaitted
frames remain unchanged. Thus, the implementation of the
optimization scheme extends battery lifecycle by 53% (16/
10.3) for WIDs, and by 117% (10/4.6) for WEDs.

[0273] FIGS. 21A and 21B are schematic explanatory dia-
grams of two possible configurations of FNSs 820. Segment-
ing the wireless network 1nto excessive FNSs will not yield a
high performance gain, while segmenting the plant wireless
network into too few FNSs will result 1n decrease in path
redundancy, thus 1n the event of a point of failure, a reduction
of packet reliability/availability can occur.

[0274] The selection of the FNS members and size 1s
dynamic. When one or more new devices (e.g., field end
devices, having wired or wireless connectivity, WIDs,
MWIDs, WGD and/or MWGDs) are added, devices are rear-
ranged, or devices are removed, the FNSs size and/or number
1s dynamically altered 1f necessary to achieve the requisite
packet routing and/or path requirement constraints. An FNS
architecture module 1s executed or re-executed to account for
the removed, added or rearranged devices. For instance, an
FNS that encompasses and borders additional or rearranged
devices affects the size of the FNS, e.g., the FNS becomes
larger, or requires dividing the FNS into multiple FNSs.
Accordingly, the selection of the FNS members and size
includes (but 1s not necessarily limited to) the following con-
siderations:

[0275] geographical area/plant environment;
[0276] maximum allowable delay;
[0277] whether one or more devices, including field end

devices, having wired or wireless connectivity, WIDs,
MWIDs, WGD and/or MWGDs, are added, subtracted or
rearranged;

[0278] network loading (e.g., the number of destination-
source pairs);

[0279] diversity requirements (support of multiple paths) to
meet reliability requirements; and

[0280] availability of redundant links to the CCR.

[0281] Given the above factors, a practical FNS size limait
can be provisioned as follows:

[0282] with 1 MWID-JB connection to a MWGD-JB, the
number of MWID within an FNS can be between 1 to 5;
[0283] with 2 MWID-JIB connections to a MWGD-IB, the
number of MWID within an FNS can be between 1 to 10;
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[0284] with 1 MWID-JIB connection to the master WGD or
directly to CCR, the number of MWID within an FNS can be
between 1 to 5; and

[0285] with 2 MWID-JB connections to the master WGD
or directly to CCR, the number of MWID within an FNS can
be between 1 to 10.

[0286] In addition, within an FNS, a MWID 1s preferably
selected as being the interface for wired connectivity to the
CCR, e.g., as amember of an MWID-JB set. Considerations
include physical proximity to the CCR, mimimizing the num-
ber of transmissions within the FNS i1s achieved, and whether
a JB exists 1n the plant that 1s proximate to that particular
MWID candidate. Similar considerations are used 1n select-
ing the interface for an FNS 1n the WGD tier.

[0287] For aparticular source-destination pair, one particu-
lar MWID within an FNS 1s tagged as the anchor packet
selection device for all transmitted packets from a particular
source. The one packet with the highest quality index 1s
selected by the anchor forwarded, potentially over multiple
links or paths, through the MWID-IB and then through
MWGD to the Master Gateway then to CCR.

[0288] The method of selecting the anchor MWID to per-

torm the selecting function for a particular source-destination
pair includes: A) selecting the nearest FNS to the source
(nearest to the WID or MWID 1n the FNS); B) selecting the
MWID-JB as the anchor packet selection MWID, and if that
MWID-JB’s CPU 1s fully loaded, then selecting the MWID
within the center of FNS; C) 11 the selected MWID within the
center of FNS 1s fully loaded, in terms of path throughput or
packet selection functions, then selecting the nearest to center
MWID, and so forth; D)1t all MWIDs within an FNS are fully
loaded, then selecting a different FNS; E) 1f a second path 1s
needed of 11 a second FNS i1s required for that particular
source-destination pair, then repeat steps A-D for selecting
the anchor MWID {for the second FNS. When we have two
FNSs are required for a particular source-destination patr,
anchor MWIDs are need in each FNS.

[0289] In the forward direction, for a particular source-
destination pair, one particular MWID within an FNS 1s
tagged as the anchor packet selection device for all transmit-
ted packets from a particular source, and the one packet with
the highest quality index 1s selected and forwarded (poten-
tially over multiple links or paths) through the MWID-IB,
through MWGD to the Master Gateway, and ultimately to
CCR. The selected packet will be forwarded and erroneous
packets will be discarded at an early stage. This 1s 1n contrast
to prior art techniques, 1n which erroneous packet(s) continue
to propagate into the network (1neffectively utilizing the net-
work resources, such as energy, spectrum, CPU power, and
the like) and are dropped at master WGD, or multiple copies
of the packet are unnecessarily propagated through the net-
work to reach the destination (whereby the destination must
determine which packet 1s to be used).

[0290] Inthereverse direction, the anchor MWID within an
FNS source-destination pair receives the packet from the

CCR. Possible sequences of packet transmission from CCR
to WED include (but are not limited to):

[0291] CCR to the master WGD to a MWGD-IB to a
MWGD to a MWID to a MWID to the field device (WED);

[0292] CCR to the master WGD to a MWGD to a MWID-
IB to a MWID to the field device (WED),

[0293] CCR to the master WGD to a MWGD-IB to a
MWGD to a MWID-JB to a MWID to a WID to the field
device (WED), or
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[0294] CCR to the master WGD to a MWGD-IB to a
MWID to the field device (WED).

[0295] The above sequences can be reversed to obtain the
sequence of transmission from the WED to the CCR.

[0296] If a packet belongs to particular source-destination
pair and proceeds through two different FNSs, each set will
have an anchor packet selection MWID for that pair source
and destination. In addition, an anchor MWGD or MWGD-

IB 1s used to provide the selection between the two recerved
packets from MWID sets.

[0297] 'Two concurrent schemes can be used to select the
packet with the highest quality. A low density parity check
(LDPC) can be implemented to verity the quality of each
packet, and majority logic combining can also be used. As an
example, ol packet selection, if two packets are received from
different paths with different quality checks, the one with
highest quality check is selected. If three packets are received
from different paths but two are exactly in terms of informa-
tion bits and/or parity check, one of these two packets will be
selected.

[0298] The packet selection function for an FNS will be
distributed (load balanced) among the various MW IDs within
a given FNS to handle all pairs of source-destination paths.
This can be implemented automatically through the master
WGD (e.g., using an operation similar to the path selection
sub-module 150) or determined manually by a plant operator.

[0299] The method and system of the present mvention
have been described above and in the attached drawings;
however, modifications will be apparent to those of ordinary
skill in the art and the scope of protection for the mnvention 1s
to be defined by the claims that follow. In addition, while
certain implementations of the present invention have been
described with respect to the ISA-SP100 protocol, the present
invention can also be implemented within other wireless pro-

cess control and/or automation protocols including but not
limited to the HART® protocol.

We claim:

1. A process control and/or automation network for a com-
mercial or industrial processing facility, the network compris-
ng:

a distributed control system in a central control room

within the facility;

a first tier comprising a plurality of wireless end devices
receiving mstructions from and/or providing data to the
distributed control system, the instructions and/or data
in the form of packets, each wireless end device being

assoclated with one or more meters, remote terminal
units, diagnostic devices, pumps, valves, sensors, or

tank level measuring devices;

a second tier comprising a plurality of wireless routers each
including a memory that stores a routing table and a
processor that routes packets; and

a third tier comprising a master wireless gateway device
operably connected to receive packets from and transmut
packets to the distributed control system;

wherein the processor of each of the plurality of wireless
routers routes packets across the three tiers between the
plurality of end devices and the wireless gateway
devices based on the stored routing table.

2. The process control and/or automation network as 1n
claim 1, further comprising a plurality of field network sets
cach containing one or more of the plurality of wireless rout-
ers or one or more wireless gateway devices.
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3. The process control and/or automation network as in
claim 2, further comprising at least one marshalling cabinet
and at least one junction box, the at least one junction box
within one of the field network sets and wired to the marshal-
ling cabinet for communication.

4. The process control and/or automation network as in
claim 3, further comprising a junction box router in wired
communication between the junction box and the marshalling
cabinet and 1n wired communication with the master gateway
device.

5. The process control and/or automation network as in
claim 4, wherein a wireless router 1n the field network set
containing the junction box 1s configured for wired commu-
nication and 1s wired to the junction box.

6. The process control and/or automation network as 1n
claim 5, wherein the wireless router that 1s wired to the
junction box 1s a wireless mtermediate device.

7. The process control and/or automation network as in
claim 5, wherein the wireless router that 1s wired to the
junction box 1s a wireless gateway device.

8. The process control and/or automation network as in
claim 1, wherein the routing table stored 1n memory of the
wireless router specifies, for each wireless end device, a pre-
determined number of assigned paths from the wireless end
device to the master gateway device per usage class, the
wireless router further storing a frame selection module
executable by the processor of the wireless router that, upon
receipt of a packet to or from a wireless end device, permits
transmission of the packet along the assigned path 1t the
router 1s within that particular assigned path, or drops the
packet 1f the wireless router 1s not 1n the assigned path.

9. The process control and/or automation network as in
claim 1, wherein the routing table stored 1n memory of the
wireless router specifies, for each wireless end device, a pre-
determined number of assigned and alternate paths from the
wireless end device to the master gateway device per usage
class:

the wireless router further storing a frame selection module

executable by the processor of the wireless router that,

upon receipt of a packet to or from a wireless end device,

permits transmission ol the packet along the assigned
path 1f the router 1s within that particular assigned
path, or

permits transmission ol the packet along the alternate
path 1f the router 1s within that particular alternate
path and there exists an exception 1n the network that
requires use of the alternate path, or

drops the packet 11 the wireless router 1s not in the
assigned or alternate path.

10. The process control and/or automation network as
claim 2, wherein at least one of the field network sets has at
least one junction box,

and wherein at least one of the wireless routers 1s config-

ured for wired communication and wired to a junction
box,

and wherein one of the wireless routers that 1s wired to a

junction box 1s designated as an anchor packet selection
device through which all traffic 1n that field network set
1s routed.

11. The process control and/or automation network as 1n
claim 10,

wherein the routing table stored in memory of the wireless

router specifies, for each wireless end device, a prede-
termined number of assigned paths from the wireless
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end device to the master gateway device per usage class,
the wireless router further storing a frame selection
module executable by the processor of the wireless
router that, upon receipt of a packet to or from a wireless
end device, permits transmission of the packet along the
assigned path 1t the router 1s within that particular
assigned path, or drops the packet 1f the wireless router
1s not 1n the assigned path;

wherein the anchor packet selection device of each net-

work set and for each tier further includes a packet
selection module executable by the processor of the
anchor packet selection device to select a packet among,
plural packets of the same mnformation with the highest
quality for retransmission;

and wherein the frame selection module recerves the best

packet from the packet selection module and transmits at
least one copy of the best packet in the assigned paths
toward the destination or the next tier.

12. The process control and/or automation network as in
claim 11, wherein the packet selection module implements a
low density parity check.

13. The process control and/or automation network as in
claim 11, wherein the packet selection module implements a
load balancing protocol to distribute traffic among various
wireless routers in the field network set.

14. The process control and/or automation network as in
claim 11, wherein the packet selection module implements

a low density parity check and

a load balancing protocol to distribute traffic among vari-

ous wireless routers 1n the field network set.

15. The process control and/or automation network as in
claim 2, wherein at least some of the wireless routers 1n a field
network set include a wireless router wired to a junction box
which contain stored in their memories field network set
information as to which wireless routers are wired to junction
boxes and their respective performance characteristics, the
wireless routers having field network set information further
comprising a routing module that uses the field network set
information to dynamically route packets within the field
network set.

16. The process control and/or automation network as in
claim 2, wherein at least some of the wireless routers 1n a field
network set include a wireless router wired to a junction box,
wherein field network sets including a wireless router wired
to a junction box are wired to the central control room.

17. The process control and/or automation network as in
claim 16, wherein the field network sets including a wireless
router wired to a junction box include a designated junction
box that 1s wired to the distributed control system in the
central control room.

18. The process control and/or automation network as in
claim 16, wherein the wired connection 1s through a marshal-
ling cabinet.

19. The process control and/or automation network as in
claim 16, wherein the wired connection is through a junction
box router.

20. The process control and/or automation network as in
claim 1, further comprising a plurality of field network sets
spanmng across multiple tiers, each field network set contain-
ing one or more of the plurality of wireless routers and one or
more wireless gateway devices, wherein the routers and gate-
way devices of each field network set act as a single routing
device to route packets to routers and gateway devices exter-
nal to the field network set.
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21. The process control and/or automation network as in
claim 20, further comprising at least one marshalling cabinet
and at least one junction box, the at least one junction box
within one of the field network sets and wired to the marshal-
ling cabinet for communication.

22. The process control and/or automation network as in
claim 21, further comprising a junction box router in wired
communication between the junction box and the marshalling
cabinet and 1n wired communication with the master gateway
device.

23. The process control and/or automation network as in
claim 22, wherein a wireless router in the field network set
containing the junction box 1s configured for wired commu-
nication and 1s wired to the junction box.

24. The process control and/or automation network as in
claim 23, wherein the wireless router that 1s wired to the
junction box 1s a wireless mtermediate device.

25. The process control and/or automation network as in
claim 5, wherein the wireless router that 1s wired to the
junction box 1s a wireless gateway device.
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