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25 30 This invention is diregigd to a method and apparatus for aiding
oper at or ) nputer progranms in nmanagi ng process trangiti ring the
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nucl ear power plant, and r manufacturing facility. Exanples of
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the operating conditions to accomopdate feed grade changes in a plant,

_vari at i oFFER@F THE NEVENTIWN ng conditions to accommobdate product state
changes in a plant, etc. Exanples of conputer prograns that would be aided
by the apparatus in this invention include, but are not restricted to,
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process facility is automatically controlled, the execution of the process
duri ng t renoginddatsprodugtisiate ckangensi  plantretm  Exareploeaf fenpuiadprograms that

would be aided by the apparatus in this invention include, but are not restricted to,

15 regulatory and supervisory controllers, alarm generation and management systems,
advanced control systems, fault diagnosis systems, etc. Also this invention describes a
method and system for monitoring processes during transitions, which identifies
abnormalities and informs the plant operator regarding the same. Since none of the
existing monitoring techniques can be used for monitoring transitions and since the

20 probability of fault is higher during transitions than at steady state, such a system would be

of immense help to operators.

BACKGROUND OF THE INVENTION
The 6peration of a complex process facility requires the assimilation of a large amount of
25 data generated frequently from sensors, inferring the state of the process from these data
and executing regulatory and supervisory actions to ensure safety and efficiency. While
much of the operation of the modern complex process facility is automatically controlled,
the execution of the process during transitions requires extensive human intervention and
supervision. These operator interventions during transitions include starting or stopping
30 process units such as pumps and compressors, disabling or enabling controllers, and
reconfiguring units and controllers with different parameter settings. Transitions result in
substantial changes in the values of one or more process variables. During transitions,
some of these plant variables may therefore take values substantially different and outside

their normal, steady state range. Because of the large changes and the unusual values of
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supérvi sion. These operator interventions during-transitions include
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cannot be monitored by their approach.

Process transitions are typically carried out by operators by following a standard operating

20 procedure. A few techniques exist for monitoring the execution of the operating procedures

) in a process plant.

A method suggested in U.S. Patent No. 5,511,004, issued April, 1996 to Dubost et al.,

establishes a reference state and a current state for an industrial evolutionary process from

25 physical parameters measured on all the equipment items employing the evaluating

process. These two states are compared, parameter by parameter, by resorting to fuzzy

logic for classifying the quantities, and a diagnosis is established using expert rules.

U.S. Patent No. 5,070,468, issued December, 1991 to Niinomi et al., presents a fault

30 diagnosis system. The normal range of process data is stored in the system and is

employed for online comparison to determine if the process is normal or not. Patterns
exhibited by the process variables for different fault patterns are detected and recorded in

the system. When a fault is identified, the pattern is compared with this stored database
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in a nuclear reactor, the neutron density increases. However, there could

al so. beitagtion.ncrease in the neutron density due to some abnormality. A
systemis built to detect the abnormality. If the startup is done
normal Iy, the neutron density increases slowy, whereas if there is a
fault, tAeagprlogciatd RoRROKGIY 4 dandiBlr€akecribbliin WIS PaesNG. 4,578,622, iksied
identifying the fault during startup. A nmethod and apparatus for fault
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trai ned mal functions. An application on a nucl ear power

A method and apparatus for fault diagnosis is described in U.S. Patent No. 5,099,436,
issued March, 1992 to McCown et al. In this system, the online values of variables are
continuously monitored. If there is any deviation from normal, it is mapped to any pre-
20 trained event (fault). It also consists of a symptom-fault model that can determine the

) cause of the failure.

U.S. Patent No. 5,023,045, issued June, 1991 to Watanabe et al., describes a neural
network based technique for detecting malfunctions in plants. The neural network is
25 trained with normal and different runs of data with malfunctions. So this system, when
used with online run, can identify trained malfunctions. An application on a nuclear power
station has been discussed. Since this application requires training, it can function only for

known faults for which the network has been trained.

30 A few other techniques also exist for monitoring the operating procedures for nuclear and
thermal power plants. However, all of these techniques employ raw sensor values in their

analysis.
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signed digraph based techniques cannot be used for monitoring process transitions.

In the trend-based approaches, the evolution of a process variable is classified based on its
shape into slowly increasing, drastically increasing, constant, etc., by calculating the
second order derivatives of the process variables. These are termed as second-order trends.
First order derivatives of process variables result in trends which are classified into
increasing, decreasing and constant. These are termed as first-order trends. Néither the
second-order nor the first-order trend-based approaches can be applied to monitor process
transitions as described below. As an example, consider the transition "startup of a
reactor" that is performed in three main phases: (1) charging of reactants at room
temperature (30° C) into the reactor, (2) ramping up the temperature from 30° C to 75° C
over 1.5 hours, and (3) maintaining the temperature at 75 C. Each process variable could
display different trends during different phases. The temperature sensor in the above
example would display a constant trend in phase 1, an increasing trend in phase 2, and a
constant trend again in phase 3. Existing trend-based approaches are designed for fault
detection in steady state operation and map a fixed trend (such as increasing temperature)

occurring at any time with a fixed process state (such as a runaway reaction). This can lead

es ‘could not be obtalned. So signed digraph based

second order derivatives of the process
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provi de a nethod and apparatus for aiding operators and plant conputer
programs in managi ng a process when it undergoes transitions. It is a nore

speci fi csgmgf%*?mw?ﬁo aid the operator of a conplex process
facility i -based system and a nmethod of operation
whi ch i ngofspRi akeralrdbjéct of hieriavadioknovpredide Detiivel midapparampefoataiding al ong
with on-line plant data, whereby to identify the current state of the
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the inver@lta'hgpoﬁso provi de such a system and nmethod of operation which

si mul t aneousl’y provi de the operator and other plant conputer prograns with

i nformati on concerning the current state of a process, section or
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It is a further object of the invention to provide such a system and method of operation

which simultancously provide the operator and other plant computer programs with

20 information concerning the current state of a process, section or subsection and other
) useful, context-sensitive facts such as bounds on the process variables and expected and
E observed trends of these variables, steps in the transition which have been completed

earlier, and steps in the transition which should be executed next.

25 This apparatus enables some plant computer programs to be robust to operating mode
changes and reconfigure themselves to operate effectively during different process

transitions and across multiple plant operating modes.

It is an additional object of the invention to provide a system and method of operation,
" 30 which generates a permanent record of appropriate system and process conditions at
important moments of each transition including its start, its completion, when something is
abnormal, the operator actions, their magnitude, timing and sequence, etc. This record can

be queried to provide decision support for plant operations and other activities that would
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operating. procedure The main challenge jn nonitoring transitions is
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al so includes a nethod for nonitoring transitions (startup, shutdown, grade
changes, _etc.) in conplex processes. Since trends alone are not sufficient
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20 The apparatus also includes a method for monitoring transitions (startup, shutdown, grade

5'-[;".-" changes, etc.) in complex processes. Since trends alone are not sufficient for monitoring _
transitions, we have developed a technique called enhanced trends that include the process )
variable magnitude and the trend duration along with trend. The algorithm described
employs a preprocessing technique to obtain process trends in addition to the quantitative

25 information from the plant. The dictionary of possible transitions for each plant section is
generated offline from the plant history data and stored corresponding to each sensor. The
algorithm cannot only point out the region in the plant where an abnormality has occurred,

but can also further resolve it to the level of a sensor.

30 The apparatus also includes a method that allows for run-to-run variations during process
transitions. A dynamic feature synchronization algorithm is employed to synchronize
profiles from different runs. After synchronization, comparison of the expected trend and

observed trend is done by using a comparison algorithm. Since transitions are usually
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di agr am @hich e favle [svidemifizd, istirformeé nt thoopedaiay. 2 is a schematic di agram of
~the nethod for hierarchically dividing the plant into sections and
S8ubsections; Fig. 3 shows how a process variable can be divided into

peri ods ﬁhﬁgdﬁﬁsmﬁ'ﬂ@qiﬁmnmag\ the changes in the variable
S

val ue; Fig. ows the decision-maki ng sequence followed by nethods for

i dent i f yFiggl. i a sthematicdiogiaonof the overyiavpefethe mvepensi ti on; Fig. 5 shows the
process know edge base generation technique; Fig. 6 shows a schematic of
the nethod for transition identification; Fig. 7 shows the G afcet
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wi Il now be described in the context of a chem cal process plant, but it
shoul d begig gaihb#e HowhdprocésshasiaBlepah batdicided int@ pudictss ofanbddsyandftransitiphe x
process facilities such as, for exanple, pharnmaceutical operations,
sem condbasedondbrrchangesdd teyarshlec@luGmnuf act uri ng, specialty chenical s,
paper and pulp mlls, power plants, etc.

15 Fig. 4 shows the decision-making sequence followed by methods for identifying if a

subsection is in a mode or transition;
Fig. 5 shows the process knowledge base generation technique;
20 Fig. 6 shows a schematic of the method for transition identification;
Fig. 7 shows the Graféet representation for a startup procedure for a distillation column;

‘Fig. 8 shows the technique for comparing the different elements of an enhanced trend; and

25
Fig. 9 shows a typical trend during different runs of a process transition.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
The invention will now be described in the context of a chemical process plant, but it
30 should be realized that it has application to a wide variety of complex process facilities

such as, for example, pharmaceutical operations, semiconductor and microelectronics

manufacturing, specialty chemicals, paper and pulp mills, power plaats, efc.
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.plant is instrunented with nunerous sensors that nonitor Variﬁi’f/[a?'ﬁ@%

vari abl es such as tenperatures, flow rates, pressures, etc. ThHe stgnals
generated by the sensors are fed to the plant distributed control system .
(DCS) t MO B&¥Yr s and coordinates regulatory control oPCHSHRI/HR3L he

vari abl es. These vari able values are al so displayed to operators through
monitors in the control room Some of fhese values are also used by other
pl ant conputer progranms such as an alafrmsystem a unit optim zation
system &g chemithl phanbad PndttitheffedrRite mubiEréus séndrsphec aknitéAfvatidusaplnt
efficiently., During |large periqgds of time, the plant_is typically operated
near one’asiablepsucks ag fpgpesptyrcs, Bowdptes.oprsSsurRs: icky dhe ﬁlgnalssgf‘élﬁﬂyeds%’htﬂéﬁ

condi ti I | ' duE ' .

di stur bggr%gsedgﬁ#htggg&% |l§?idz)£ﬁ@l§§duwal tﬂg}ayﬁﬁiptgﬁﬂﬁp ow ras(rz%[{ea%gﬁgﬂﬁdggi he
fixed stregulgtory tauteolvaf] dome bothe wariablaot Thader eapindi valued e qidcadisplaged ane of
Its constituent secfiions or . subsections) ﬁ/ill L}L%gergo a tran it\i!,%'ﬁ ai med
At novi rRPeratons thrAughdnaRiiaLsyn dheaganizol rogi heme oftheiesyaliesnare Al wsdrRY |y
execut etk AhANongRRKBESm N 8 hoWaRERLOHS L AEEHNSai Al AREAES, 1O
start or stop process units, controllers and iInstrunentation, or to

r econf i guwhieh helpetie wipetatati thfren dhret proetss isafgly sl effiatentlie Dhirmgtlargetpetiods dbwn -t o
a different steady.stat Man | ant conput e rograns .are conf.i gured
Sol el y podhe B i Pty apdied Reatiing oa dhotg steady, et madions. Paging spe
during siiGleally aststet ddaRionOf6sR ifRbcess RariahIes Qv sﬁpl ﬂi%ﬂ@l‘?”hué)rto B! §nd OF
override their results, during the transitions. Al'l of what has been
“descri bedis@ubanggs. | Thesgrvasiatipns wouldbel withint 3 pamew rehghivoand pheafixed Figedy

present jnvention.provides,a t that \praovi des coptext-sensitij.ve £
P o o K e " BVRGkE a0 BRI, B il R5E oF R GRS H e O
aut omat i fitbsédtiohCRII inier@Sa GhiitionPdiniel at HRVRY i€ frofi 08 a8Rly dute fheshad
automatic reconfiguration include the turning on/off of various conputer

pr ogr ans ITaEBHARS MEe PeFBAY exeaad bygrlantepperaigrs giher followy aredionsly siefieed i s
present eg | | ' .0 e ' od | L fies
t he cur rgrr?%"&i %%sgtroa%%éﬁgttggg’ e 8% ‘I'g’ %qnantuggﬁ{l?g&ﬁ{%rﬁ)%%%nbnﬁ} {&sr%f)ér’ oW E%d to

16t her cl thent with differest sattmgaso thatthg gibait settiysiews fo 4 diffdretateady sate. dvidny
current

di agnosi s, systens, etc., which configure hense] ves according th
pl ant st B3Rt CRBULEE PRERDSfarg ﬁené’%%? S0l fal” Hgpr ts. oReraiays udeda Hohe
current girdfisn Stisteorly AWHRS sudhtednditions b‘ﬁ%ra%ké RHRREFORPESaIE el oR iSRS

or override their results, during the transitions.

20 All of what has been described so far is currently found in a typical chemical plant. The
) present invention provides a system that provides context-sensitive information and
guidance to the operator during the transitions and automatically reconfigures other plant ‘-) |
computer programs. Examples of automatic reconfiguration include the tuming on/off of
various computér programs, changing parameter settings, efc. An overview of this scheme
25 is presented in Fig. 1. As shown in Fig. 1, the supervisory method identifies the current
operating state of the plant. This information is provided to other clients such as alarm
management systems, fault detection and diagnosis systems, etc., which configure

themselves according the current plant state.

30 The purpose of the apparatus is fourfold:
1. to assess the current state of the process, including the current mode of the process,
or the transition being executed;

2. to provide the process state and any necessary information to the plant operator



or the transition being executed; 2. to provide the process state and any
_necessary information to the plant operator 12 May 2005 WO 02@%&)9%{00
PCT/ SG01/00231 - 9 5 15 20 25 30 and/or plant conputer progr meay3907 4
nmoni tor the }arocess for the normal execution of a transition; and 4. to
cont i nuoWOI8}/4+®¥Ack the execution of operating procedure RETHGHOAHsition
and informthe plant operator of the successful conpletion of the sane.
First, there is a way for hierarchi cglgy_deconposi ng the process and
variables into a nunber of sections ahd subsections. Wien doing this, it
S recor’mﬁm@%ﬂtb@hpaegpmﬁﬁe process flow diagram (or at |east a sketch
of its physical arrangenent) as well as the placenent of the sensors. Each
section ban flamonior Hie rraerss $ordbeinprmab exneation ohp HandueniaBhs  and/ or
subsecti pns, an h - | -] nor e
" process LP‘var i@bﬁ%ggl&\}%q%ye ﬁ\%a ﬁtgegp)ger%g&ér)rrggg E’E%B{‘%%ﬁ%(%?‘é% (ﬁgfngz& "éﬁgﬁé‘g{“.dn t he
val ue of inggiyh thé plahesgeratoa bl tiglsascersiul @uniphetionadfehd femte.t he correspondi ng
subsection i s undergoi ng sone change. A plant can be deconposed into one or
" bore sections. For exanple, a refinery could be divided into a crude
di still agign [ t - di St ' 3 j i it,
cto. .t nafty By At hFaY RictaChical§ dchtnpiis U BRIELY MG (Gl Mo "
f act or s numbardif sectione and gnbseciors. Mberpdoipg des,0f istiecomeended thatiane usp dier
I nteractions d i ptercopnnect.ions, .t extent .of mutual pendence . duri ng
their op@ﬁoﬁ?ﬁs%’t’ #‘f%?‘?‘ Qﬁyagilﬁ%ﬁt 4 ﬂ‘fg& its o X‘T"c%awg@?ﬁ%gﬁs %eiﬁ a, foe
further divi e oBtifelehdit. EholtRBlicH & BithéARSubANRlcAGHb B Br RlorEsH666S | ON.
A subsection conprises of one or nore sensors (also called variable tags)
-and per f eudfer subsetippyrandsg onu rigachenbaeotion eomprisss of gset ofoone qrmerRPresss e

_'e-$<arrp|e, the catal ytic cracking unit. sectio an _he .subdi yi |
r'eact or - V@&S’h“ér‘&‘#’é Véﬁ{?& &% P&ﬁ@“@?&“&‘%ﬁ% £ ngngeslﬂ 6@%?&@’[) R figrgv %g%h%sea
f ract i onghibl8Fdul@ hdi€it€ thal he BRbLohding shksRalieH isa@dérgbihgisbk ¢hihges
deconposed into an overhead subsection, a bottons subsection and the col um
subsection. This hierarchical deconposition scheme is depicted in Fig. 2.
Next, thegre.i | I d Vi 0 | rcoRfifbd ON
it o' moddspiahfed YElecBlnrss@F o YhEl R Rolbfs “koP biiie s g cohfbe 07
7isn a noddivided iatda enlde dibtilldtioa unitah vasuund dadtilllatidre unity d edshlytic wiacking hmit,
subsection lie within a narrow range. Th des of . subsections, can be
cl assi fi &i-Hhttae salledgechany;r dhigpdiyigign é?]g‘i‘?ggé’“i %“'t“ﬂeefp?fzfs‘é‘ggs %'P&‘é‘ﬁﬁg%

functions and purpose of the major units, their interactions and interconnections, the extent

of mutual dependence during their operations, their physical location, etc. Each section

can be further divided such that it contains at least one sections or subsection. A
20 subsection comprises of one or more sensors (also called variable tags) and performs a
) supporting function to its parent section. In the above example, the catalytic cracking unit
.» section can be subdivided into a reactor-regenerator subsection, a feed preheater
subsection, a main fractionator section, efc. The main fractionator section in tumn is
decomposed into an overhead subsection, a bottoms subsection and the column subsection.

25 This hierarchical decomposition scheme is depicted in Fig. 2.

Next, there is a way of classifying the state of a subsection or section into modes and
transitions as shown in Fig. 3. A subsection is said to be in a mode if, and only if, the
values of all the variables with the subsection lie within a narrow range. The modes of
30 subsections can be classified based on the nature of the changes in the process variables
into a steady mode, oscillatory mode. A subsection is defined to be undergoing a transition
if any of the variables with the subsection varies significantly. Transitions of subsections

can be classified as sharp transitions, upset transitions, slow drift transitions, desired



-into a steady node, oscillatory node. A subsection is defined to be
.undergoing a transition if any of the variables with the subg@%ai g@ glari es
significantly. Transitions of subsections can be classified i B
transitions, upset transitions, slowdrift transitions, desired 12 May' 2005
WO 02/41?5991’#’&% SG01/ 00231 5 15 20 25 30 - 10 transiti oREVG000R1section
is said to be in a node if, and only if, all its subsegtions are all in
nodes. A section is said to be undergQpyng a transition if any of its

I mmedi at e subsections are in a transition. Each subsection or section
will, attradsifiohd, B, Asection éxsuid tojbeanea mddesé\nad ainly if,cdkitbhsubsentides aerall in
transitions. Next, a.node of a subsection.can.be chajacterjzed by .

speci f yiMRficRey: sfstion i‘spﬁa(‘ff to '%%E‘Fpseé%‘“%a traplen L) I‘g r‘“%‘fdﬂ%e F'bl?%’étéﬁfﬁ
process yaid Ahliddh, HEh S S HPorMeb b Wil hCthy that, péah et ontWelstveyary if

t he subgroup 1s 1n that node. A non-enpty subset (i.e., at | east one) of
pr ocess poasiblelmates bntransitidisect i on woul d under go si gni fi cant changes when
the subsection undergoes a transition. This subset of variables is called
R he set of key variables for that particular transition. Atransition in a
subsect 1q8 ! SmbHAbAL kifsedtfish Q¥ b@ecﬂﬁ{abeh_eé@bﬂ{fem@mg_tx&? deSutpists seth 4o
vari ables along wth distinct features in their variation as the transition
i s exeouyipedgud lhwenbeimddbr ¢4vh psedssevariable in ipsiibgraspywighih srhiehothatarigblgi nni ng
of the traqgitio

h d f th b ' ' ' 3| f,
conpl et i ‘G fvaf%}} W&HE%%B?{,S %i' ﬁttéat g?éj\ret > ?'t}?glgg%#’%gg%@ﬁgia?il%a%{ 3n%e?fhe end

tinme of piigesk vangtléd MNa setisctiolWoldaindagb sighificuneShaiget Mehelidle swRettidl es
i ncl ude the sequence of trends, the duration for which each trend persists,

zf:%ar i abl eundsraess agransitiony ddiissubset efrvariablesisealled the seteafdieyt vasiables dordhataxi nu m
“and m ni val ues. of .t i-ahl .1 hi . | 1y £
ot on oA HSRigRY A B @RS ReHib s B LAY hhMpi R fuchBare O
const i t UstibketSofaesCldriables atdiy Witk rdistinee featutesinh@fr. vafiadonag ahotransifacis on is
characterized by the val ues of the nbde of jts constituent _sections and
subsect i oesuied, themadgipfithe suhseetian punsdintely mrionde fhedheeigning gbihe Jrasiion; ¢ s
constitu i lﬁ-fﬂgﬁ" ' : ot L f ition
of a secﬁgg%&lﬁg’tf(t: ar gg%%? |ﬁze ggakgggﬁg?gfg&{iﬁ%tgngt;ﬁg ?fghg@tg :il,otir%?&(a#t t%gih of
15t s consof thedrnsitioecniddhe ead dinsubSthettrapsision aetd. tThesdistiriot featuies of itizg/kéze
recorded in | ook .up.table. The. section'.s character.izati t herefore
i ncl udesf"?’?ﬁbgﬁsl BERGp @‘ébﬁe@‘.‘erﬁes‘bfl frens nt“%ﬁ HEH'%QHO e@b‘gﬁbﬁggqﬁﬂl p%rglﬁ{sai ns
all the {iMPhdh HRBEREhd Rid (BRNAKINDS REIPEESE thd MaRintun® BSd fidimen

devel oped. The know edge "base of the apparatus conprises of
values of the variables within the transition, etc.

20 As mentioned earlier, a section is said to be in a mode if each of its constituent subsections
r/; are themselves in a mode. The mode of a section is characterized by the values of the _
mode of its constituent sections and subsections. A section is said to be in a transition if )
even one of its constituent sections and subsections undergoes a transition. The transition
of a section is characterized by the state (mode or transition) of each of its constituent
25 - sections and subsections, and this information may be recorded in a look up table. The

section’s characterization therefore includes this lookup table.

A self-contained knowledge base that contains all the information required for managing

process transitions can be developed. The knowledge base of the apparatus comprises of
30 the following constituents:

1. an hierarchical description of the process into sections and subsections as described

above;

2. a list of modes and transitions for each of the process sections and subsections -as



the follow ng constituents: 1. an hierarchical descri ption of the process

.into sections and subsections as described above; 2. a |ist %h@gﬁg and
transitions for each of the process sections and subsectlons § 2005
WO 02/ 41091 PCT/ SQ01/00231 - 11 . 5 15 20 25 30 descri bed above; 3. the

cl assi fi W 02640%nd characterizati on of each node as descr?‘bﬂmﬂ and

4. the classification and characterization Qf each transition as described
above. The above-described know edge base can be conpletely devel oped using
the aforenentioned nethod for the plant's hierarchical deconposition,

foll O\A/edddsyrilbadcalbudd: ng the list of nodes and transi t i ons, followed by

characteri zin deadtr nsi tion secnbe
devel ope%‘ in 'g‘ﬁé‘f 3§%‘§ a&g\?@P@athZ?tWEroéﬁﬁ [ﬁPﬁi?aso s¢ @‘T‘P?R& he same

~ nmet hods gnd a@x@%l]ﬂhﬂ@atfb%%ﬁ%ﬁbﬁa@t@ﬁzatﬁiﬂbﬁ@ﬁéﬂ @mmﬂm«&s@d&dtabew _
characterization, transitions and their characterizations, etc. The list of

nodes and tranS| ti ons and their characterizations can be devel oped usi ng

he kno e abput ..t t and _its_operat I

i stori c)£11 g‘?"é’ef(f b[eH I%Pgl?ngpg’la% i ¢ ﬁ)s a‘%/ kétgy Vaio ?s%(ml B8 Bes
and trapikdhaitione fhefiodi for aleaplast Shiedadhicu ae@@ﬂpdzﬁude\f@m@mnbya sohglinge
followng nethod. There is a nmethod for generating the list of nodes and

transi t i teslist of raodssyand isanstiianen folloed thyoehamederiring eagly mnds apddtraiskiogy i cal
data i d
based on Ty KBl bask! Shy ter doveldlled, BELRE YuirP of Moy BIARER hbickichan B 1

transiti @lhwibs Ittitgsatxﬁtenmhcﬂs anhd vaplperpding dewcsecmnso rsulm‘ecum micaies sad their

_hierarchical deconposition. This t hod SO requires other selected
"Process characieRAtign, q%\‘@ﬁh@@%‘ﬁﬂ?‘?@%@‘@&%ﬁ“‘t ag andpre-specified val ues

for tuning parameters. The linmits required include the maxi numand the

m ni num val ue that can be reported by the transmtter for each tag, the

transmt tI‘he lisangmdﬂeg amhtanditieps @tdctheif obaprieriggizms fdar det deviclgep asimgeher s

i ncl ude |d for each.ta |s threshold is defined to be the

maxi mum 1’8 %‘1’ o%g‘relpé?“rtéﬁd\'ixt)?gﬂ?rﬁ 1%\ ndow for constancy and is typically

selected to be a small percentage ((5% of the transmtter range. Once

pl ant tags have been hierarchically grouped into sections as described
1&bove, t Hdtematively, if historical data from the plant operation is available, the list of modes and

transitions and their characterizations can be developed using the following method.

There is a method for generating the list of modes and transitions for every subsection,

section and plant if process historical data is available for every tag. This method is as

20 shown in Fig. 4 and is based on dividing the plant historical data into regions of modes and
I transitions, using the prior developed description of the process hierarchical
._.'_';“ decomposition. This method also requires other selected process information including
- limits for each tag andpre-specified values for tuning parameters. The limits required

include the maximum and the minimum value that can be reported by the transmitter for

25 each tag, the transmitter range for each tag, etc. The pre-specified tuning parameters
include a threshold for each tag. This threshold is defined to be the maximum allowable

variation within a window for constancy and is typically selected to be a small percentage

(~5%) of the transmitter range.

“30 Once plant tags have been hierarchically grouped into sections as described above, they
can be used for identifying subsection modes and transitions. Plant historical data
corresponding to the tags is used in the analysié. Trends can be generated for each tag

using any method including, but not restricted to, the wavelet-based trend generation



can be used for identifying subsection nodes and transitions. Plant
. historical data corresponding to the tags is used in the ana{ymzoa’gends
can be generated for each tag using any nethod including, bu '
restricted to, the wavel et-based trend generation 12 May 2005 5 15 20 25 30
WO 02/ 4902881 SGO / 00231 - 12 algorithmreported by VeRfEH$GH/0023d
Venkat asubr amani an, V., "A Wavel et Theory Based Adaptive Trend Anal ysis
System For Process Fault Diagnhosis", Proceedings O The Anerican Contr ol
Conf erence, 309-313, 1997. Wvel et ép&rzox'i mation coefficients at nultiple
| evel s &n@raﬂuaqagmawwhahgrH.%afv&ﬁet-as&bramaﬁihﬁ,um,e“Aqut/aemmv;ebs;ea

ar

i ncl udi ng the wavel et can be enployed for this pur pose. Portions of

t he hi stAstaptise Trandy AnglyswhiSysfemt Her \Pap¢essh | Kaul hbiegnesie o nBiogerdingseQf Thee

i denti fi I_n I.nf {4 en earl).-i er.. Thege. pprt.ions
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t he tagsmilipleieveisiiisaibigeneratedToi €dehdag. OA dileifude b 8thRPWakv6les iMdledif tel  Of
the variables in the subsection renmain nearly constant. These portions are

9 dent i f il&aar yavelet cambbie smployed dorthisspispese: | Rastionghefcthe hidoriend data: for which by
t he maxi L 0 St e . 13 Bl . 1,on. _ de
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dupl i catearliard @hescpuntionces matked senddes fior thht tagd Th mode énfdemnatichegendrated be
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si ni | ar i PyaliHhetagsin thefhhsectigads w%eﬁfﬁ)a‘?témtthepewgpa&h@m sihof 5 varatlen
nodes. |; 5e6dh A s : e sai d
o be t h GOSN RAIRE nod P cRURE TREp IR F St 2o Hoacl T8 o0,
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consecutive duplicate nodes are encountered, they are nmerged together to
produce the samgifchein gkaracterizatiouearegssentinlpsimilan c Rgdultitinde: dfeitmilanity andtaes, and

nodes shorter than a pre.specified duration are elimnated by nerqgin
Chese. porty i isbd REe bt Rt Sitael S RipBld. dhotk SRettrmpl R bfd”
1sdentifiefla satsectaic Mpadll MHO¥eR, saldi®d be iR faiedif p¢ bhdrtest @fstdnbe bbiwiekbs the al

data that have not been nmarked _as nodes are now nmarked as transitions. Key
vari abl eBaxmpiy keinuyewm)ivalle pbp tah during Mintsi ne Sirthes fium dhe prpimsy (e

var i abl ¢ Rae S RPLE TR AR Bl bR el R A pical\AlE, Y

trend for this threshold is 5% of the tag’s transmitter range. The similarity measure described

above can be replaced with other similarity metrics. If consecutive duplicate modes are
20 encountered, they are merged together to produce a single mode. The modes are also
A checked for their duration, and modes shorter than a pre-specified duration are eﬁminaicd .
. by merging these portions along with the transition. After the modes have been identified »)
as described above, the remaining portions of the historical data that have not been marked
as modes are now marked as transitions. Key variables are then identified for each
25 transition as described above. Transitions are then characterized using the distinct features
in the key variables including the sequence of trends, the duration for which each trend
persists, variable values at the beginning and termination of each trend, maximum and

minimum values of the variable within the transition, etc., as described earlier.

30 The modes and transition characterizations generated above are used to create an event list
consisting of all the events — mode or transition — for a subsection. The events for sections
and planis are inferred from the events of the subsections of which it is comprised. An

event look-up table is generated for each section and comprises each of the different



persists, variable values at the beginning and term nation of each trend,
.maxi mum and m ni nrum val ues of the variable within the transii R z%pg., as
described earlier. The nodes and transition characterizations gengra ed
above are used to create an event list consisting of all the events - node
or transWVOi®BH1¥1lfor a subsection. The events for secti onsPCHMPYIOEAts are
inferred fromthe events of the subsections of which it is conprised. An
~event | ook-up table is generated for \e}%ch section and conprises each of the
different 12 May 2005 "5 15 20 25 30 02/ 41091 PCT/ SGO /00231 - 13
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" of rmdessuhﬁe(fﬁf) Gty it a(r?ls#%gd) bifg ?l;%e@ %rhésg?%%?zdgfa‘r %ﬁ‘i% OlI!S%g'agﬁ lﬁggtée %%03’3

transiti Qe hahad iy Bt of nfodesid ReeRfonkiafd eicychdicterizhBdis fof BRhendde a

met hod for identifying the current process state. The apparatus inplenents
" % et hodandgransifienchd he generated oy rratess histasy datat he process and each section

and subsection and it uses the know edge base generated fromthe

hi storical data. The steps in on-line identification of the state of the

process Hes, thamis ainfetihddfor Menfifiing thetdaaednt prsess statel. et apparatdshimpleaentsedge

base previously generated for the process; 2. the cyrrent values of
process ¥ &igthad 18 1degjifyimg e gureent st3ie ?ﬁﬁi‘FrP&’??é% aw‘ﬁitﬂ@h’sseg@wée%au‘wctwger.
The kno ﬁség%ﬁ@lqﬂﬁ‘l@t[g%ttﬁgeQ&fcblt&?&b&,thérﬁi?foh%gl&a@z{. use by the method to

identify the current process state. Initialization calculations are
“performed and user-supplied tuning constants are assigned. The sensor data

LR o T o Wb 435 OGRS D B9 4 annPRERL R B 0o
conpar edmiiol thie8 2k ipwl:edge base of the nodes possible for that group. If

the value of each variable belonging to the subsection falls within the
upper and. | owthe knpwledge bassrprevigusty gennsafed faritle probessction is identified to

be in th%t noge. To av\gglileg gai se Ssia%?ﬁ{gg_ of, a node, the nethod waits for a
certain ni YR RO PO PIRRTS ’sa&f}section remains in the given
1ns0de bef gr e t Rguedtor Gingmaemeéteisaersted®y usér. si gnal ed. A user-defi ned

paranmeter is enployed to determine this mninmumduration and could take any
positive

The knowledge base generated offline is imported for use by the method to identify the

current process state. Initialization calculations are performed and user-supplied tuning

constants are assigned. The sensor data for all the plant tags sent from the DCS is.

20 separated based on the basis of plant groupings. For each subsection, the current sensor
data is compared with the knowledge base of the modes possible for that group. If the
value of each variable belonging to the subsection falls within the upper and lower limits
for a given mode, the subsection is identified to be in that mode. To avoid false signals of
amode, the method waits for a certain minimum duration for which the subsection remains
25 in the given mode before the current mode information is signaled. A user-defined
parameter is employed to determine this minimum duration and could take any positive

integer value. This procedure is repeated for all the subsections. If the subsection is not

identified to be in any of the modes from the knowledge base, but all variables in that

subsection are varying within user defined narrow bounds, then the subsection is said to be

‘30 in an unknown mode. If even one of the variables in the subsection is varying beyond its

bounds, the subsection is said to be in a transition.

The current transition is identified using the procedure described in Fig. 6. This procedure



i nteger value. This procedure is repeated for all the subsections. If the
.Subsection is not identified to be in any of the nodes from Li]ﬁ@k?%ﬁlz‘edge
base, but all variables in that subsection are varying wthi &r-"def i ned
narrow@gungs then the subsection is said to be in an unknown node. 1f .
even on¥ORAIM variables in the subsection is varyi ng beyH#E20331 pounds,
the subsection is said to be in a transition. The current transition is
identified using the procedure descrihed in Fig. 6. This procedure 12 My
2005 5 .5 !0 ?5 30 WD 02/ 41091 PCT/S&J1/00231 - 14 conpares the currently
evol Vi ggmphardd thé icofteNdyt Bvdllig tttaRRioh! WIB tRX it@hdifhs ekisthfy inBR! in§fbrted _
knowl edge base. The current transition can be identified using a simlarity
met ri c knewledgeduwse The cumgntaansitionncito hevidenfifiadeusing @asindlarisnmeirie tof t he
transitjions . . L4 f. Si.m it i ¢S can
pe- usefoRBiedhAPE RS O, BERGupdahibht HERcHnbiilhs f LiodafBALGET, |
t hat obask. t Aandtitiderofisinildiity kivtidsadgbehase to Edinguie tieUcharatedrizaton oftheel et
deconposition of _the plant sensor is carried out for each variable in a

5 subsecthBEnt GHFEIGLNHY ipleok # AFasition dn the kpowledze Bascox IHnehe SHCk BisteS.ci ent s
for asiRa %!clﬁ i e I -Of sition
IS a user- (taP?ne og??bg%t&?ﬁ%ﬁ?&{séb}sc%ﬁyﬂaégng:hva uei%o abgfﬁ\%gégﬁﬂl and
5. Thexadevgumgethectoaisitioni tenditaiar apptdxémationpacifidientsi foh ak hmanyalevkBtas is
coefficients for_transjt iq(:)]tgf availlrabl e in_the know eggtgH ase. Since the
previ oRSCeRERY- | ThRnpipber: ofe levelipel decamrosiionelsy & ispr-eetiedt BRBMEYT taids e

transi %&gﬁgﬁ OREs 2481u8 of BEXYEN 1 Wn@GE UThdst WAvERE SodfREEnts Ard @lel'cBinphRE

differe et ween t he v_vavel et coefficients i's obtal ned at each fevel, and
g sum ofitlalie whedet erpfligerits faommsitens avhdatie am dict kronwledget baspr dinctethet he

Teast normis flagged as,the current transi.tjiqon if, the val ue of .t he norm i£&
a1 erbrp bt B e FopRALfE b W BiksR o plha iy PesGofif mlelefor 1D
| ar ger knbam thdkcsur SR thislflolf el RAmAITRhEdiffetdiRE blthRed HRRGAVelRBobficich@gged as
an unknown transition. This procedure is repeated for each subsection that

i s cur rieeblaynedrateaaghilewgl, aand raasum of ¢l thasganorms s cemputed.nddstransidiesshatbed

above can .he replaced wth other siml arit asures. se n the events
one fteidsy PSSt b nielR s sy BRb FuFRiRGIeSRe ARRSSE &R dgh Fug by
5 | 00Ki Ngmkdlet fiRnaVieRt défRdyRrdnidibe 1Al vahi) 6f the sinhBesk NoMh @ORExdR At thidr each
section. This eéifrocedure I's carried out for all the sections_by noving up

the pl dier Helned pagametasy hanithe teapeitian e flaggehbas met wdaoradkinstias ahY tracks
the pr %8§c§1up<¥ is gﬁ@ﬁt&i YorGhoh rlﬁbsection that is currently undergoing a transition. The

similarity measure described above can be replaced with other similarity measures.

'0 Based on the events identified for the subsections, the event for the sections is inferred by
) looking-up the event lookup table available in the knowledge base for each section. This
procedure is carried out for all the sections by moving up the plant hierarchy. )

Thus, the above-mentioned method identifies and tracks the process by identifying the

25 current state — mode or transition.

The transition in a process consists of several phases as mentioned earlier. In addition to
tracking the current state of the process, an additional method exists to track the process
within the transition. This method takes as its inputs:

30 L. a knowledge of the common operating policies for the plant, commonly available in
the form of standard operating procedure of the transition; and |

2. the distinct features of the process variables during the transition.



current state - node or transition. The transition in a process consists of
.several phases as mentioned earlier. In addition to tracki ngg%%réent
state of the process, an additional nethod exists to track th 9
within the transition. This nethod takes as its inputs: 1. a know edge of
the com®R %4t ing policies for the plant, comonly avECTAGOHG2A!L the
form of standard operating procedure of the transition; and 2. the distinct
features of the process variables during the transition. 12 May 2005 .5 LS
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G af cet representation _as_shown by Viswgnathan, S., Jolnsson, S. C
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' Represe%gtﬂlpagﬁﬁAgd ?I(3 adr}%\&{&ﬁggr%rnla%ﬁém\gr tl%ﬁ&1cl§%gﬁt Z?SFAndR {é%g{r%tlg%l @ﬁgé‘géeieri ng,
22 (11) Prdadasrel 63bthedi9or Bhlvh Bokeses Pat e, pinédwledpe Repeescatptiars eimded by

. Grafcet steps, _and th onditio t he. end. of each ' present ed
isi ng. « ke Pragieseck, Eompulety And Choriral Efriopine 2L Jbrd b SR
di still afe0R 6 145 pefBhbd §R1& i rédehte@byldrarckPstbMVand it RRdition forl the bad! | Y
put all the controll'ers in manual; 2. open the cooling water to the
condens ef;each tagk s repiegeritefl wdingha Gnafeetiftansibonp Fouexampleroosider the startup pe

reboil er tart, the rehoiler atd ..angd operate the colum in full
refl ux; aA‘.ﬁs iqn cpluma, whic m?f'ﬁ?togﬁt@&lpﬁ(gg‘flgﬁg’pgn the top and when the tray
t enper atures iﬁﬁgﬂ%,?utﬂpm@toaﬂ&ou@gﬁnﬁmﬁla@ feed punp and operate the colum

under constant reflux; and 5. when the colum tenperatures remain constant,
“thhen t he2-col uIpen HEpscooking Neterde iggondessert e. The Grafcet representation for

“this pargicul 0% i | i+ Fl ar f . Lacki ng
and subs%quen H@ﬁ?'zggWaﬁgﬁ%ggrﬁgﬁﬁticgﬁlwﬁmgﬁBls:@% r% ﬁte ﬁ%ﬁ(%‘?é;tﬁh%g%ﬁoﬁ?gat ures
of a pragafifg,\sad opahe the belun@iingulvafugbl e trend, duration of trend and

vari abl e value at the beginning and end of the trend) is terned an_atom

The serifs of Wheit e proshict Sartycolisptingaadhe, iopiagd vehendhe By isrrerdueh R d
trend of cotngﬁﬁt, PaRthefeed ﬁﬁhﬁ%& opél;gﬂesthé H1hABLEG Yonstant reflux; and

L5 5. when the column temperatures remain constant, then the column has reached steady

state.
The Grafcet representation for this particular example is given in Figure 7.

20 For the purpose of tracking and subsequent monitoring of transition, a subset of the distinct
=%y features of a process variable (including variable trend, duration of trend and variable value
at the -beginning and end of the trend) is termed an atom. The series of this atom for a
process variable is termed the enhanced trend of that process variable. This information
for every proceés variable during the current transition is obtained from the previously
25 generated knowledge base and is termed as the dictionary of that variable. Portions of the

enhanced trend corresponding to each phase in the operating procedure (represented by a

Grafcet step) are stored corresponding to its Grafcet step. Thus, every atom in the

dictionary has a corresponding Grafcet step to which it belongs.

30 The method for tracking the process within a transition continuously looks at the trend of
the evolving process variable. The combination of variable trend, duration of trend, and
variable value at the beginning and end of the trend for a real-time process variable is

termed a real-time atom. The logic behind the tracking method is that, there could be



for every process variable during the current transition is obtained from
.the previously generated know edge base and is ternmed as the g%ﬁﬁ ry of
that variable. Portions of the enhanced trend correspondi ng { . ghase
in the o%erati ng procedure (represented by a Gafcet step) are stored .
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PCT/ SA014i0828dinSditRortfdy25 30 - 16 ninor deviations in the magnitude of the
process vari abl e and t%e start and end time of different phases, but the -
trend of the process variable should essentially followthe trend as given

in the djctionary. .A dvnam c feature.synghroni zation.al,gorithm f t.his
Tracki not SRR deanite SR Ryiza @R HRSHANT R €& i SRm I Ble & A% wi th
t he fi rséhofn@¥ihFig. '8ethataliBrithin GOMR ithSs figdt réal Sinek 4t6m. JOBEmPrisBn b edd fsSt
dictionary atom Then for subsequent real-tine atons, the trend is

conpar eddeget With Hee Siggt [digtionaryc tiosn alyrem Hemsubsenuent resbfimeogferns) thet taendt isend of

red bt dintonenc: o oms, fr _
of the syBeendl Ak o EAE diichlf HEH 4l BerrlE ol SRR felg L RRRL o
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atom Thus, wusing this dynanm c feature synchroni zation nmethod, the

24 ct i onaftpmsdbdanedramm fhere; t oferwdse, farithesubsequerigenleupe atesns, gepdiisirommaesd. Once

"the dicty HRW idSeti tiLfi.ed, e r ' ' perati ng
procedur'ltg,’?ma{(?)érrenﬁ)5l ué)lgn %tfgtr{r?i e'%ﬁlghfg@ﬁ @%a antg,ﬁ%g’?\gt? %%ﬁ%@%?‘ed. r{';)
Thi s i nf methetlj the didpangi atgmt thewladh tlentealptuas atom comesponds Bridemifiede Muiceadcast
to different. .sections .of the plant. This kind of fracking helps in context
sensiti v@‘_cpﬁslﬁﬁ%‘%y 3fpon 4t i‘@ﬁ?t'gﬁg’ aWe‘&‘HWP?P PH%SCC'Q_S COPPAMHNEABIASFHUE t v.
The dynagjrfe &@%E&%%aﬁ%’ﬂ‘iﬁEH{'ﬂhé?ldnﬁ%aﬁbgﬁfehﬁﬂéﬂ descri bed above can be
replaced wth othér equi val ent ones such as dynamic tine warping. This

1bracking method is an optional nethod, which can be used if the process

current PRE"& olnggtignh ?esg%rdqu(?ge ﬂﬁe ct:u?'re%? pllgs%n(;tj tfra{ngl iol;lor{my bcaa' h%acc)i%gs? %i) different

sections of the plant. This kind of tracking helps in context sensitive process operation and

recovery in the case of any abnormality.

20 The dynamic feature synchronization algorithm described above can be replaced with other
i equivalent ones such as dynamic time warping. This tracking method is an optional
\ ‘method, which can be used if the process current operating phase needs to be identified for “.)

-a process.

25 Finally, there exists a method for monitoring processes during a transition. This method
takes as input the enhanced trend of the process variables. This method is independent of
the Grafcet representation for operating procedures. If the operating procedure information
is made available, it may be used. This method essentially consists of a comparison of the
different elements of the real-time enhanced trend with that of the dictionary as shown in

30 Fig. 9. For this, the first step is the identification of the dictionary atom to be compared
with. The dynamic feature synchronization algorithm discussed above provides this
information of the dictionary atom. This tracking method identifies the corresponding

dictionary atom for a real-time atom. If the Grafcet information is made available to the
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used for econd-order trends allows for a fine
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of first Idsndidicationseideend b hegergosss varrhle isasmiptortastemsincs kenfbiseonsidued t o
L A8 A R, G o LR e o BRI SR
real - ti msegmdewdsr and thechiyst order tramdf discuossed e vedac be asal for thi phpyse2 A0ESng
second-order trends allows for a fine comparison between real time trends and those in the
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deviations. The method allows for the user to select either the secc;nd_ order or the first
order trend based on the how closely the real-time process is required to follow the

dictionary.
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.mnitoring a conplex process over a transition phase froma fi\i%yazggge,
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said system conprising: a database containing identifying dat

known nodes and known transitions; a neasurenent device providing current .
processWPR2A19H| ated to said conplex process; ...a conpBEESEOMSINg said
identifying data and said current process data so as to determ ne which
one of said known nodes and said knogﬁ transition:. that said conplex
process is currently within; and a range checki ng conponent using stored
dat a ofCkAlMSone of said known nodes and said known transitions as

determ ned by said conparator, and using said current process as data so
as to signal when said conplex process is outside of an acceptabl e range.

2. A system i -claiml rein said transi.t.ion,phase includes at
| east )c/)lr'\e ck@%ggﬁgl %rgo‘f%‘g‘%g"“@‘gﬁ 4 %1“{21 }‘S’.r RSV et 58%‘&?'31?# G o/ ?;ticflﬁf'l
wher ei ined, shideggenrompdeiagal | substantially constant variables. 4. A
system according to claim/| wherein said conpl ex process conprises a second
node after saaid&g'ibP%Fn§PE“iaB’|"P&3H%F§élleBg datayielabed 4@ clgatymhgnedsschnd koowmherein -
sai d i demkiibys.ng data related to said known nodes and said known
transitions 1S based on historical data. 6. A systemaccording to claim|l
wher ei n sai ch miastrefngnihdeded provadiag eshrient peocdsk datanrelitedtsi daidrRemplex based
on theoretical data. 7. A systemaccording to claim1 wherein sai

conpar &8Hs configurable to receive input froman operator to determ ne
whet her sai c i . Vol L) ! o, nodes
And sai d Kriowo e L Bt 51 B e PR S0 9 o
15 determine which one of said known modes and said known transition: that said complex

process is currently within; and
a range checking component using stored data of said one of said known modes and
said known transitions as determined by said comparator, and using said current process as

data so as to signal when said complex process is outside of an acceptable range.

2. A system according to claim 1 wherein said transition phase includes at least one

changing process variable.

3. A system according to claim 1 wherein said mode includes all substantially
constant variables.
4. A system according to claim 1 wherein said complex process comprises a second ‘)

mode after said transition phase.

5. A system according to claim 1 wherein said identifying data related to said known

modes and said known transitions is based on historical data.

6. A system according to claim 1 wherein said identifying data related to said known

transitions are based on theoretical data.

7. A system according to claim 1 wherein said comparator is configurable to receive
input from an operator to determiiie whether said complex process is currently within one

of said known modes and said known transitions.



20 25 30 8. A systemaccording to claim1l wherein each of said known nodes
.and said known transitions is subdivided i nto enhanced stateg HIangobgrther
wherein sai d dat abase contains identifying data related to e % % id
enhanced states of said known nodes and said known transitions so as to
det er ni n¥QW/HMIone of said enhanced states of said knownPCHSGEEZI sai d
known transitions that said conplex process is currently within. 9. A
system according to claim8 wherein eﬁc? of said enhanced states is

subdi vided into atons, and further \ ein sai d database contains
identifying data related to each of said atons of said enhanced states of
sai d known nodes and said known transitions so as to determ ne which one

of sai d &t onsAdiysisai aEcerdvagtocelaior hvdwsredi eaphiof seisovitowroaedesiand said knovwhown

transiti Ba Ssittioh tis m@écﬂmgmétgxenﬁgnﬁgggéﬁeisf ?nCdJ furr&xg% l\:‘Xle}'Aé]iltl inliﬂ'cfla%‘a%asé céAr‘)tt%l}{E tem

. al
accordi ng to erai érein sal ying data of sald conparator

conpri seudeffifidfpddstatialatelilto fachysHt Sl aai@EEH Bigitds 0fCdadd KndWn\Whedegi dhdadaid east
a portion of said mapped data relates to said known transitions. 12. A

" $yst em akBoVRitEpsitions st pita detgraing; whih ope oftsaid epdianceh sigtes ofjsaidvkpeysy dat a
rel ates iﬂpﬂﬁﬁv . [ - | -wherein at | east
a porti O%&g@%‘g& mappeIldll-%Izg’%@rl§¥%E gz';tﬂég&ﬁgfegﬁp%ﬁgéﬁl\?i g‘ﬁ‘%@%% t‘gg%:ti on of said
known transitions. 14. A system according to claim 10 wherein at |east a
portion of sai,d nmapped data relates to an individual sybsectio f. said
known nodes. f5SYSIKIha¢AREANE & chish S Whareig cach egﬁ%fﬂﬁwegﬁatww wided
transiti fRse (ﬂ;gg%f' ; I dg%{,,_@ Eﬁﬁ’é. it ¢ Vdad a
dat abaseq’[?g%t al r’liaIr% I eﬁtﬁgéy%uﬁgg@g(tﬁéab%%e tgﬁﬁﬁovm hi%ﬂgg‘glageﬁdﬁ él?ﬁ‘!(‘)&ng
tY ansi t i cmd atapit ofisaidnaphenred statesmf sgid knodamzodes hud sald konownitng bons sexas to

Conpar | ngeeaMaolpHEnRe pF i eGhe Al PRede Pttt 1Y Mg RS B gt o

det er m N&qpown transitions that said complex process is currently within.

10. . A system according to claim 1 wherein said identifying data of said comparator

15 comprises mapped data.

11. A system according to claim 10 wherein at least a portion of said mapped data

relates to said known transitions.

20 12. A system according to claim 10 wherein at least a portion of said mapped data

" relates to known modes.

13. A system according to claim 10 wherein at least a portion of said mapped data

relates to an individual subsection of said known transitions.

25
14. A system according to claim 10 wherein at least a portion of said mapped data
relates to an individual subsection of said known modes.
15. A method for monitoring a complex process over a transition phase from a first
" 30 mode, said method comprising;:

providing a database containing identifying data related to known modes and

known transitions;

obtaining current process data related to said complex process;



whi ch one of said known nodes and said known transitions that said conpl ex
_process is currently within; and conparing said current data ﬁ@}héﬁbgred
data of said one of said known nodes and said known transitib i
determ ned by said conparator so as to signal when said conplex process is
out si deWEk 02409 ccept abl e range. 16. A nethod for supervi BCRGGAVOQADI ex
process involving a client, said nmethod conprising: identifying a state of
said conpl ex process, said state cgnﬁrising one of at |east one transition
phase and at |east one node; reporti §aid identified state conprising
said one of cahph@®stai@RrlchBpHéds PatPRaR Saidojddn@fyid dgedz&'é, s8R thR&rnthesai d
client; and reconfl uring said client based on said identified state of
state ovhiglper ebsaid krowpraedes and said knowm: iensitions thatasaid Fgmplgx Precsapisex
process, d transition phases, said nethod conprising:
|dent|fypﬁ§%0gqﬁﬁsm§? gi ven variables within a subsection of said conpl ex
process; dezb@lpam% Bdid ichfreftedyitd With 6todéd dah iofishidomefofearihkwiSabdesvaldues of
sai d given vari abl es over said subsection of said conplex process; and

5cl assi fspidigowaiteansiinaeas deermipedbinid eAmpAAr fo aete Hgnl dieq stid saEPIgXon

phases\};}rI aﬁsoﬁ&l&adtd«m ‘L«Btwg g vari ation of each of said values of said

gi ven es over tion of said conplex process. 18. A nethod
according to claim17 wherein a sectl on is cI aSSIfI ed in a node when each
of its bSECtI%S ffre classified in nodes. met hoq, accordin oclalm
17 wher B pdrfor supeysule AcPrrRier pf?%?ﬁ%.lw%m&hw iegt, ik gpe

its su s §§ is classified in a transition phase. 20. A nethod of
generatin kn W edge base for nonitoring a conplex process over a

Ity ansition, idaitifyingtalstate oﬁamd cemplgx piteddyaid GGfe Sorpridig dne 634 14461 GRY 41091
PCT/ S0 2 bt ai ni pl ant history data and pl ant hierarchy; £
ansition phiss 70d ot s Corrpel <)

groupi n s and subsecti ons;
reporting said identified state comprising said one of at least one transition phase

and at least one mode to said client; and
reconfiguring said client based on said identified state of state of said complex

5 process.

17. A method for classifying a complex process into modes and transition phases, said
method comprising;:
identifying values of given variables within a subsection of said complex process;
10 determining the magnitude of variation of each of said values of said given
variables over said subsection of said complex process; and .
classifying said subsection into one of said modes and said transition phases based )
on said magnitude of variation of each of said values of said given variables over said

subsection of said complex process.

15
18. A method according to claim 17 wherein a section is classified in a mode when
each of its subsections are classified in modes.
19. A method according to claim 17 wherein a section is classified in a transition when
30 at least one of its subsections is classified in a transition phase.

20. A method of generating knowledge base for monitoring a complex process over a

transition, said method comprising:



generating a process trend and a wavel et coefficient for each said plant
‘tags; generating process trends for each tag in every Iower-b’\a(fl ea?)rgup;

i dentifying periods of constancy for each variable in each |o EVAARA
group using said generated process trends; identifying nodes for each

| ower - | eW 024410p; consol i dati ng and characteri zi ng nodesPEBHSCAHENR3L

| oner -1 evel group; consolidating and characterizing transitions; .
generating an event list for each | owgg-lLevel group; generating an event

| ookup table for higher-level groups; and generating said know edge base.
21. A net hod obtininglplani ligtongdata shdplenthiemrahynpl ex process, said state

conpri sing one of a[t | east one_.tran it%son. hase and at | east one node,
sai d net hod WFQQ%:ta%?‘BWWH@“St%’aé& Uy r data from said conpl ex

. process, Seg@?&&%ﬁ@a ‘?@bésstt?&a%ﬂdﬁwret Ss¥fAcibit fr BAchNaidsIaht tagks and
subsecti ons a plan hi erarchy using a know edge base; anal yzing the
range of var igaidresngyproeess ireofls fwiedchstap seeveary lnweardeve) geaipd know edge  base
so as to determne which one of a transiition.phase with at |east aone of

Sai d vari abl dtentdiipdpraods ooty K oeh v T ford! e tevefBRRBRED | o
sai d varga@écg&awdtp@i,dg@@'bﬁspr e-determ ned phase that said subsection is
currently wthin, identifying a current node for each of said subsections
in one of saiidemegﬂmgéé)f%ﬁhm%@ebgf@m d variabl es and sai d know edge

base; identifying. curr r ey 2 id subsections in
one of said P%fﬂ%l ﬁ?%%n%%ﬁa%%g&%@%O%}\a/féf%cggégg%ﬁp %1 ﬁr@ conparison for
key vari abl esconbdlidatiig ahd dinpadtaiiey asitionsnd deduci ng events in hi gher

~level plant groups using each of said current nodes, current transitions,
*and sai d knovéeaerginga gven jist @fﬁﬁiﬂe\ﬁe'f'@f’eli%‘é‘iﬁ;i fying a current transition
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generating said knowledge base.

21. A method for identifying a state of a complex process, said state comprising one of
15 at least one transition phase and at least one mode, said method comprising:
providing tagged sensor data from said complex process;
segregating said tagged sensor data into plant sections and subsections of a plant
hierarchy using a knowledge base;
analyzing the range of variables of each of said subsections using said knowledge
20 base so as to determine which one of a transition phase with at least one of said variables
outside of said _
pre-determined range and a mode with all of said variables within said pre-determined
phase that said subsection is currently within;
identifying a current mode for each of said subsections in one of said modes based
25 on values of said variables and said knowledge base;
identifying current transition phases for each of said subsections in one of said
~ transition phases using wavelet-based feature comparison for key variables with said
knowledge base; and
deducing events in higher level plant groups using each of said current modes,

30 current transitions, and said knowledge base.

22. A method for identifying a current transition phase of a complex process, said

method comprising:



generati ng wavel et approximation coefficients for variables in a subsection

coefficients of said current transition phase wth correspon

.in said current transition phase; conparing said wavel et appjj?ﬁbamgn
Y | et

5

C.

30

coefficients for transitions available in a know edge base; and . .

i dent i fWPRY4WAId current transition phase based on sai d RGHPGV9H of said
wavel et approximation coefficients of said current transition phase with

sai d correspondi ng wavel et coeffici Egt for transitions availabl’e in said
know edge base. 23. A nethod to tracK®a conplex process within transition
phase, sai dgsRiriiiy waRTRr AfpkdidmaléO¥odlficigndifst VAafdbldsaataisudSedtibn R @8@S S

vari abl es of common operation data within a conmmon transition phase;

measur CWaEeHit@nsiHen Phasst ures of process variabl es of said conpl ex process
within said s L : : i ' [ St of said
Bt ocess. var FaBP R 48 S ORE e B e e B b b R "2 -
sai d diwdth cociesgonding waveldt coaffitiqufoe aansitivrisalvhdsbloin sknalvledgobme; apder at i on
data within_sai.d.co n transition phase sqQ as to track said conpl ex

process. . identifying, spdrcyrenransiion Wﬁﬁwﬁmwmeﬁaﬁop&f saidswayelet of one -

subset aﬁ%rogi-n%&io Cc%e?ic?&fté%@ﬁicp&fr?eni)gm& é%%aicﬁ?drfségﬁ{d%gwgﬁegé{” si ng:

obt ai ni tore nformation related to sa series o et of
sai d dicstfifinieht fof tambsitiens ofailgbliedn paid kaswledge basbl e; obt ai ni ng current
information related to said one subset of said distinct features of said
process variable; and conparing said current information related to said
one subget of H@hdd doStadlEta chBPldt’ Broceds SAikth RFASRDA PRdse2Rhi@d Alethodai d
stored information related to said series of said one subset of said

di sti ncompaamgr es of said process variable to one another so as to
determ ne said.enhanced, t.rend for said series.of said one subset. of

st notf eRrtSRBdRREEs FaRRh o ko t8s Nl e S mnBh boRfof LR
trend Qhmind¥teaefifon\phatelbl e against a stored trend as given in a

di ctionary, said_method conprising: 12 May 2005 WO 02/41091 PCT/ SG01/ 00231
'5 15 20 25 meagwring distinct features of process variables of said complex process within said

transition phase; and

comparing said distinct features of said process variables of said complex process
within said transition phase and said distinct features of said process variables of said
common operation data within said common transition phase so as to track said complex

process.

24. A method for determining an enhanced trend for a series of one subset of distinct

G features of a process variable, said method comprising:

obtaining stored information related to said series of said one subset of said distinct J
features of said process variable;
obtaining current information related to said one subset of said distinct features of
said process variable; and
comparing said current information related to said one subset of said distinct
features of said process variable and said stored information related to said series of said
one subset of said distinct features of said process variable to one another so as to
determine said enhanced trend for said series of said one subset of distinct features of said

process variable.

25. A method for tracking a trend of a process variable against a stored trend as given

in a dictionary, said method comprising:



conparing said trend of said process variable to a current dictionary atom
.and a subsequent dictionary atom identifying one of said current
dictionary atom and sai d subsequent dictionary atom correspoﬁ%liM@’%Q%sai d
trend of said process variable; and broadcasting infornmation related to
current WRAPR¥HOPbn phase of said identified current dictPEHEFII4RYmM to
sections of a plant. 26. A nethod for nonitoring a conplex process during a
transition phase, said nethod conpri Sj:])”lg_: measuring a real -time enhanced
trend of process variables; identifyi'ig a dictionary enhanced trend of

sai d process vahpaidgesid aonpar siid pro@Rdsadbleach cafresllidtio@ay atduian@rhanced
trend and said dictionary enhanced trend to one another; conparing process
vari abl eStbsgientdie4onsry &98h of said real -ti ne enhanced trend of said

_process varia fﬁgﬂ“ 2l i G h t E1; '
conparing tr eﬁigﬁ@fur |[%gdsﬂ8@ cg%lg ﬁp{% M%@?}dﬁ?%:ﬁ% tsgl@;}qlg%\%g%@e%@t@ ?ltgﬂ'gi{t%? said
process corasspadiigstoasaill saidhb fdacit proceas yareblaaned trend to one anot her;

cal cul ating a, matchi.ng .degree for, egch of said process varjahles fromsaid
"Prend conpar Pwgticasdng d“‘%%&é'é%% r9'&?*"ﬁa§9l guRGRy ransifioncBhass  ofs s#d damtifiedi g

trend dugﬁ}é@ﬂicﬁgggqu&ﬁgpéecﬁaillscwgtgfljuﬂg a degree of fault of said conplex
process as a function of degree of Tault of individual sensors; and

i nform ng an operator of said matchi ng degree and said degree of fault. 27.
PSR A o i S el o0 ! S o2
comprising:
5 measuring a real-time enhanced trend of process variables;
) identifying a dictionary enhanced trend of said process variables;
comparing trends of each of said real-time enhanced trend and said dictionary
enhanced trend to one another;
comparing process variable magnitudes of each of said real-time enhanced trend of
15 said process variables and said dictionary enhanced trend to one another;
comparing trend durations of each of said real-time enhanced trend of said process
variables and said dictionary enhanced trend to one another;
calculating a matching degree for each of said process variables from said trend
comparison, said process variable magnitude comparison, and said trend duration
20 comparison;
i calculating a degree of fault of said complex process as a function of degree of fault
.: of individual sensors; and

informing an operator of said matching degree and said degree of fault.

25 27. A system according to claim 1 wherein said identifying data related to said known

transitions are based on experience-based data.

30



