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establishes a reference state and a current state for an industrial

evol utionary process from2 5 physical paraneters neasured on all the
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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




5 Pattern Recognition Approach For Process Mnitoring And Fault Di agnosis",
Engi neering Applications O Artificial Intelligence, 8(1), 35-51, 1995;
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Trend Anal ysis System For Process Fault Diagnosis”, Proceedings O The
American Control Conference, 309-313, 1997) for nonitoring steady state
processes. During process transitions, ¥he process is in a1l o dynamc
state and variable profiles change significantly. For nonitoring such
process HaHahg foult igagnased.t he exi sting techni ques (such as neural networks,
signed directed graph or trend-based nethods) could be used. First,

consi der a signed digraph based technique. During process transitions,
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Exi sting trend-based approaches are designed for fault detection in steady

st at e opdhafqulilusing stastypa fi xed trend (such as increasing tenperature)

occurring at any time with a fixed process state (such as a runaway

reaction). This can lead WD 02/-11091 - 5 PCT/SGOL/00231 to wrong
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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.



identify the current state of the plant and nonitor the plant during
transitions. It is a further object of the invention to provide such a
system angolsig@qd of operation which sinultaneously provi gerisierqpsr at or
and ot her plant conputer progranms with 2 0 information concerning the
current state of a process, section or subsection and ot her useful,
context-sensitive facts such as bounds on the process vari abl es and
expected and observed trends of these variables, steps jn the transition
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following a set’ of standard operating procedures. The main chall enge in

moni t or i ner trandrisised wathody could-beaisedin devi ati ons. A technique is presented
here which can identify the current state of the operating plant during a
transition and performcontext sensitive 10 nonitoring. |If any deviation

from nor npkstOREMsMer 0 sighe@bgigraphdbastd@ediviffuem D@ prioess bRisitivhnk! ¥int® t he
operator for necessary recovery of the process. Briefly, the present
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node-transition identification. Once the current plant state is identified,
ot her subscribing applications are notified regarding the sane. 2 0 The
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shut down, grade change etc.) In conplex processes. Since trends alone are
aot suf f i shapetinfooslomtyiitaredsng, tdrastisally awssasing, hanstamdeviel, ope dalgulating theue

call ed enhan d trends _.that. include th essvrla itude and the
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quantitative 2 5 information fromthe plant. The dictionary of possible

transiti omrehmng,e@gmaplhgmmdggustamn These are termed as first-order trends. Neither the
second-order nor the first-order trend-based approaches can be applied to monitor process
25 transitions as described below. As an example, consider the tramsition "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
30 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



generated offline fromthe plant history data and stored corresponding to
each sensor. The al gorithm cannot only point out the region in the plant

where an fly@ifggy,i ty has occurred, but can also further r@,gq}s\t_%l,}";z fo t he
| evel of a sensor. 3 0 The apparatus al so includes a nethod that al3 ows for

run-to-run variations during process transitions. A dynamc feature
synchroni zati on algorithmis enpl oyed t® synchronize profiles from

different runs. After synchronization, conparison of the expected trend and
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met hod f amonhiterirgyteansitiahd.y di vi ding the plant into 1 o sections and
subsections; Fig. 3 shows how a process variable can be divided into

peri ods of nodes and transitions based on the changes in the variable

val ue; 159FMMARY OIPHETR VERITPHRN- Meki ng sequence fol | owed by nethods for

identifying 1T a subsection is in a node or transition; Fig. 5 shows the
process kitaslaadgerdhsbiegieoiethat imventiec tmipruade a etbodriagd appstabmstoa agdim@mat i ¢
of the method for c{r%;]n?ition i dentification; Figg. 7 shows,t he. Gradfcet
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shows t heieatypsque for conparing the different el enents of an enhanced
trend; and 25 Fig. 9 shows a typical trend during different runs of a
process transition. DETAILED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The

invention will now bhe descrihed.in the context of a.chem cal praocess. plant,
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paper andggngratedhkngvdedgsoriethe preasss opaation aloyg @itgy-lingplant dgta, whereby to

identify the current state of the plant and monitor the plant during transitions.

It is a further object of the invention to provide such a system and method of operation
which simultaneously 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
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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configured solely for steady state operations and do not function =

sat i sf actcorrentystatigr o1 ghes operatinganient idorisg aCpensitianr end tpsrfefp raontpxt gpisatitehem

or ignore or, averrj.de thelr.results uring.the tranpsitiaons, 2 Al |, of
JV\SLat has THERRHEs !%lé(dﬁli]esvéatlf’gr ?’2_“88?%?&? lqnoﬁn%bslelhveg’ tlyﬁygtg ! %ﬁ%ﬁn%eal

pl ant. Thenfheseito the¥pdthiop forREEtAE fecdvay SF @8 prbddss.pr ovi des
context-sensitive informati on and gui dance to the operator during the
transitions and autonmatically reconfigures other plant conputer prograns.
Exanpl es u 1G4F I gur.at.i i t i / vari ous
comput or 165 S8 Biesful EFSHOERIEER A tifod By DAY BF GBLCIoBbe KT
schene 2 denéréc fciifignfoedhé Mdnagemeht ofSpredeasiransitibng. The dpparasuspemployoray

net hod identifies the current qQperating state of the plant. This .

Faf or mat iesihed fgr @fiRcosharsrtesization of PEXFES Rlarhands senestion Rnt GURBIFRERN G ens,

fault det i ' i g(%gcm i ehy j h es
accordi néﬁ t8 ﬁ:laéaga?’rg %ﬁ?d k%?gﬁfd K ltog%/cgfo‘?q%l ct)1 he°%%%§§‘é&g?fe{t‘%%€agﬁ%a?aﬁ?§@/ﬁ S

f our f ol d:cutrentt plassseasSs tithmtifiad,r dhtr sbstrbing apfleafpomscas siotified regidrdigg thee
current node of the process, or the transition being executed; 2. to
provi de t5#®°process state and any necessary information to the plant

oper at or WO 02/.11091 - 9 PCT/SE1100231 and/or plant conputer prograns;
3. to nonitor the process for the nornmal execution of a transition; and 4.
20 conti Mhswppyratusadde inhladescemgthod fomonipaing trangitipns (hartipe skidowry grade
transitio% and %nSornlthF pl ant op ratq&zaf he _suc es§;ul §%; %egion of
the same CHARESy €F) 1 QPRI PIACGRET PEICCHTBIAAORE &5 IS SYELBHE L HgToLre
process apalsitishd, W Bfvel dalBlopeduiEbialiq®f catied khipmseBitehds Uhaaadlid e pYRls doi ng
this, it is recoomended that one use the process flow diagram (or at | east

a sket ch vgfiablesmpgngide sndaihe dregé rumtiongdong Withaendie Thie sl sopthmn dgscribrd
| . ) v . ~
70" and; or ARUSEpRReSa MR 0 Ml BRI, B 24805, B B ERER 010

D% nore [dhfematon Aomaht panWhDBedividnaey obpwsibbaisatsitibng €t cadh pRint yectidn ¢hange
in the value of any of these variables would indicate that the

cor r esporfnfgied mlmedom theplan disteyidaty wdmorehenTreponding torack gepspe The
deconposefledrihdl AfouyBSiR SR 2B iff o (XA afathRlh B haE BLkiirel® 15
e alrstl tl at |

. divided infto a cru ation tnit, a‘vacuumdi s n unit, a
cat al yt i dut cacksmfiirther tesolve 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



etc., that are called sections. This division is based on a nunber of
factors including the functions and purpose of the major units, their

i nteracti gpoigo;l Nt erconnections, the extent of nutual d%@ﬁ@ﬂUH ng
their operations, their physical |ocation, etc. Each section can be further
di vided such that it contains at |east one sections or subsection. A2 0
subsection conprises of one or nore sensars (also called variable tags) and
perforns a supporting function to its parent section. In the above exanpl e,
t he cat alBptfosmed bakfoglgwmﬁ £ spbcafi eperating proceduser thigelingvledgen is also made
reactor-r tar ect.l on, er Lon I

fracti ondi A ae s SHERECkhET R FehyBieRaREh e TIREL IS Repip i py e
deconpos st the@Btadly of thedauls 4b wetitas dit cutreholatlonBhs dpaatiig proceadige dilghgcol umMm
subsection.. 2 5 This hierarchical deconposition schene is depicted in Fig.
2. Next, Whigh theifaulysydgntified.ds infermed tadha epsrafetat e of a subsection or section
ifto nodes and transitions as shown in Fig. 3. A subsection is said to be
in anode if, and only if, the values of all the variables with the
subsect i BRIEEDESCRIPTAONMOFTHEIDRAWINGS nodes of 3 0 subsections can be
cl assifi eﬂggased on the nature of the chgrﬂges in the process variables into
a steady el8 asehgmatic;dizey the oveR{ig QETHEARVENHOef i ned to be under going a
transition if any of the variables with the subsection varies
significantly. Transitions of subsections can be classified as sharp
transiti dng., 2 upsetchematis idiagoans ,of shomaetiadf forthiemshidatipsdividesy thedplant\ifito

02/ A091 - 10 PCT/SGO | /110231 transitions, etc. A section is said to be
1% a nodePYOnS IR SHSESHONE,  a11 its subsections are all in nodes. A section
is said to be undergoing a transition if any of its inmedi ate subsections

are in a transition. Each subsection or section will, at any tinme, be in
exact |y dfig Dhoyslevah ppasss rsblepetasbeativided idd peweds, ofsmogdsstand dransitiensof  a

subsectign _can be characterized. by .specifying key descriptors such as an
upper an&’af%(a%} BS%H'@C? B]rtggé{ﬁlﬁg%?§%%gs variable in the subgroup within

whi ch that variable would vary if the subgroup is in that node. A non-enpty
subset (i.e., at |least one) of process variables in a subsection would

lmder go SHignftfshewntthe Hgpigion-mtlans sheuesem fdlovvednby aneihersr fpseidentifyingnigia i on.

This S“b5%5§e%[ioﬁ’ riﬁ%%oed}\oitr%raﬁﬁlilne;d the set of key variables for that
particul ar transition. ransiti’on in a subsection is characterized by

descriptors such as the subset of key variables along wth distinct
features in their variation as the transition is executed, the npde of the
subsect i ofigi hehosisdheprpcess kppwiedee huse sergraInigeMdUehe transiti on, the node
of the subsection immedi ately after the conpletion of the transition, the
start tinme 15 of the transition and the end tinme of the transition, etc.
dhe di stikigt6 ftestsarseBerndtict dfehkmygthod forgtineision mdentifleattome sequence of trends,
the duration for which each trend persists, variable values at the

begi nning and term nation of each trend, the maxi num and m ni num val ues of

Lhe var i apephshOGHIS:t kéBRhialioh fordicfarnud pRocbuidaB ) BRAM Aol il 2

section is said to be in a node if each of 'its constituent subsections are
thenmsel ves in a node. The node of a section is characterized by the val ues

of the e of. its const.ituent sectiaons d sectians. section is said
Co be.i n HE S hellethe REREAILER contine P « i HRFREh ot B cofasnel hondf and
stibsecti ons undergoes a transition. The transition of a section is
characterized by the state (node or transition) of each of its constituent
2 5 sectilgas? gewsauuppiseitrend sluring diffasens rynsfod ppErGesniragifiode recorded in a

| ook up table. The section's characterization therefore includes this

| ookup table. A self contained know edge base that contains all the

i nf or mat i DETAELED PESCRIPTROAQOFTHE PREFERREDSEMBOBIM@®NDS devel oped. The

know edge _base of the apparatus conprises of 3 .0 the follow ng .
const i t ueRiesmventiognw} 8oW e fesqribeflo i thepronisit 8f 2 themigal peecess plagt, dwé f ons

gpd subseghiAng A31iARSHE RGs %ﬁ@m Br% to @ Wid® vaRbtyBId&inp A0 pldcBRShliliags for

ti
each of the process sections ahd subsections as
such as, for example, pharmaceutical operations, semiconductor and microelectronics

manufacturing, specialty chemicals, paper and pulp mills, power plants, etc.



WO 02/-41091 - 11 PCT/SQ1/00231 descri bed above; 3. the classification
and characterization of each node as descri bed above; and 4. the

cl assificqid @mguid characterization of each transition as pdgaeilhpd, above.
5 The above-descri bed know edge base can be conpl etely devel opeo( usi ng the
af orenenti oned nethod for the plant's hierarchical deconposition, followed
by including the list of nodes and trarsitions, followed by characterizing

each node and transition. This knowl edge base can be devel oped .in one step
or devel dpysd chepicahalapay sHYMEREd Jiith JUNROUS S5BSOk: theb dRomion VARPENBIaRY new
sections,,.S i I ract e i L ikons and
their cha‘?azlg?%glggg{)?%h%@ga?%eg%e& Fi&g{’ pé%sgr%%e%&aﬁg{ etzﬁﬁl%%\agg?&g%ag&gh% tft%ﬂei r
char act erseasuirs aeSed enthb plai¢dstrihned aoairolgysiesm NS teagerfahnuind dveordgihaind and

its operatign. 15 Alternati velg, i f _histqrical .data {romthe I?ll aglgy
oper at i orfeBYAtRACPHAl ©f spRs qfjthe vaiiablssdebhesh yaripblp dplued At aliRydispiyed to
char act er( i devel i i T IS a
Bt hod { OOk MraGEh iR, MERontel ot WonlOut ke TalTR AeCHIse! MR
subsect i aithergdaitticompated ppdbgrams sdchpascmea s sytomn, £ ahit dptiaizatomvwtdnabite, f or

tag...Thi t hod j 2.0 sh in Fig. .4.and is based on dividi
The bl andRiFG belei BeieBealok «f rbne afptaresasty odistioifly, Await Fiesdersy b« he
prior dewedleﬁﬁéipgﬁﬁﬁrt'ylﬂ&&@rbﬁe}?atéd&apbﬁ&&sﬁmh{ &GRS 8dnddRERMPRSINEIs@fh Thi s

met hod al so requires other selected process information including linmts
for each & atpadindtaie ecopgidions imeat prdcasss variablasuwilh yapashghibyedee tThwidei aid s

{L qui red |. clbude t maxi num and t@ﬁ m.pl.oum val ue that0 Cﬁ%bi rggor&ed by
e t ransHPYERRCe,  TBESE VARRYPH APUI RE HHRAR SO angh gEoupd the B £Ga0Y e o
The pre- spgeivaied HeRiehé, Rar BiFRESly] R Ilbldﬂt portdieesthied BordsltuegBsditib@gor Thi s
threshold is defined to be the nmxi mum al | owabl e variation within a W ndow
for constsuhesetiond Wil undeigeal trapsidien agnediatimoyag ¥ fxamone pleadierittadeagolbey of
the transy.ti. r I V. e er i cal ouped
nto seot anaidy B Borull SRSGR ALphELhele AT T RLIONSE dotind
subsect i girocadlas tarchrt srasiey prioodss unith, @bhtrdlicss aid @sfruraitaticag bf esfeosdiguge t 0
the tags is used_ in the analysjis. Trends can be generated fqor each tag

48i ng anytheBrHEHdifiseang asties $9fhatiibg pleplissettles dewmite 2 differentesicady statsa Many r end

generat i = [ rtad edam
oL " ana. veni AR RRms (e R TR Sl AR e ko
Anal ysi s fiysticnakisfacteribcéwingrsaoh trafiitgso Wit atoRrthareford digablOtheid)@r Agrerd can
Control Conference,. 309-313, 1@?7. \Mvel et approxi mati on coefficients at
nul ti pl e Ve eépgrggsgl(gs,égxﬂ%g dgu$BPISeach tag. A nultitude of ot her

wavel ets including the 5 Haar wavel et can be enployed for this purpose.
Portions of the historical data for which the variable shows a constant
2Pend ar eAlldémhaf hesibeesi degcritted sprfemig durreatlyréqund nn ggppicaltcdmacat plast. . Tihese

portions are rked. as_nodes far .that tag. .The de informtion generated
Por ali ety il e BBiEE of St ol Arenddt eaRET N SepBPe B e der o
all of thguidaict abigSopaiatbheuriiphe tilahsifionscarl Authiadidally Geddnfigives oftRE pRint
portions are identified as the nodes for |10 that subsection. Mddes are

char act ergomitgsprogiamsa dixemplesf apfomatia reepafiguwation inchuds the grpjng in/pti pé
it ; o . .
el yood VAPugEapud OB hdidie A ARRE SO AT LRE AR sefirhdCn

gensi der e preschied tih&ig dme Ak shéwe i Fiphdr gt pemabhomethetd ddasifies theaduryent
simlar. Amultitude of simlarity nmetrics can be used tQ conpare the

char act er PREEINgrstge of e Righk s This nfpraauqicis Rreyided o pilsT Aienss such asralarm

subsect i anir%m%mj ﬁy%temg,r ?alﬁta'dg eEﬁ’oxfeanH hgia 'sgstérng 2O LArh g{;r?ﬁ e

. between the rmaxi nmu or ‘mni mm% val ue of tag durirg I's no further
from t he thcmsetuen gcoordivpxtheronyeny planestatt. t he tag during M2 than a snal |

pre-specified threshold. A typical value for this threshold is 5% of the

tag's transmtter range. The simlarity nmeasure descri bed above can be

sePl aced Yhd PurPdRedr thd sPpasulstiy foilfold:cs. | f consecutive duplicate nodes are

2 0 encountered, they are nerged together to produce a single node. The
nmodes ar el.al soto 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



checked for their duration, and nodes shorter than a pre-specified duration
are elimnated by nerging these portions along with the transition. After

t he nodesvwhsygubaen identified as described above, the remgfdgepliti ons
of the historical data that have not been marked as nodes are now marked as
transitions. Key variables are then identified for each 2 5 transition as
descri bed above. Transitions are then-characterized using the distinct

features in t\r,bi kex vari abl es including the sequence of trends, the
duration FSYORRRTE ROBRRET PIOSHISHer si sts, variable val ues at the beginning

and termgatio ; I 1 e f the variable
wthin t hg' t ra%s@%?lgﬁ?&eérg%gggg%ﬁ%mb%gggerﬂ@?a ﬂ%&{‘rﬁ%(pnodes and
transiti od chatoacinginiawsty task enercatten afbopeeatargeprosediré during dtagsidon axdnt
i st consi ?ti ntg’gowll t he F ents - de or, tr?rf}séi tion - for a subsection.
The event 4915} the RLANT GRRIAIGHY %Fé‘r‘Fé’e%? CPRPEIPR AL MeSAhe events of the
sgbsections of which it is conprised. An event |ook-up table is generated

for each section and conprises each of the different WO 021 -41091 - Z3
PCT/ SGO 1Firitp #te eomabwvantfpoo hisrathiealbndeconiposingstbe tprocess and vanigbles into a
correspondi event. for the section, The.entire.event | oqgk: tabl e,. or any
el ect od Bney Y gtond ud Phefdions Ynep dBinhist f4f YSREmsaed HBLOR R Bhent o
that wer epRB&RI M didbrith oPrat Gedkt dakéich GRNtsOFhydREM arrkisdeREn)NE RBOVE the
descri bed nethod, the |list of nbdes and transitions and the )
char act er Plaegment of thgscrsgsh Fashschionwan furthes be subdivided into erernamagre gedtionsn
roocess hij st o dat.a. Next, there | net hod .for ddentikfying the current
BPocess opRyE il aid boghy'Rafty hba@udE cQRPraR ofar bk it At ket
current staidlesfwiidie vhlues egsmeddtre@detiodiedly. ON chatlcsinbe vhluenfand of theds es
t he know edge_ base qg_enerat ed fromthe historical data. to The steps in
on-1ine i H&wbiesiward wdicgte thatdhe eqrresprlingrubsacten sudersoingrprmeiohaggey. S, The
nmet hod takes as input: 1, the knowl edge base previously generated for the
process; 2. the current values of process variables; and 15 3. val ues for
t uni ng paRasieiteras bealeectiposel Vintosme .or hiere kemishedFer brarplgentsfmesdeould bé ne i s

inported for, use by the nmethod ta identify,tge .current process state.

MRi ti al i z4VidsA 1819 & EAude disHelatipneunik 2 WachwR disitilatien unip sriplHC Cracking unit,
const ant s ar i . S : aolngL? om
t he DCS ig@'.’ ?%ﬂ %s%gg?égf %E S'agcrlall %lﬁgﬁ’ﬁ‘gs fgggseids 0 hp gﬁljt @f;%g%ﬁg;%gﬂllgc}pé each
subsect i ofynctitres andpugritse sétheonajoiatmtsj theic antpractawhs\antl intetcenhactivhse thgeexbems e of

t he nbdes possible far that. group. |f.the valye of each variahl e bel.ongin
L oCthe. upbBRRD Spentbace, v PHP optri e MRl Rieniany S, Bach shan pde,
the subsegli 88 fusth&:d8Ridddl Skht Bab@ bdhtdildtar TOME ond OseBMsdof 3hBiGctidngnad s of

a node, the nethod waits for a certain mninmumduration for which the
2@bsect i opubsestnreonmprisey af phe oyimose sensoks (alsb called Ivarizhle ftags) andgerforms a

information is.signaled. A user-defined.paraneter is enmplgyed tqg.determ ne
this i ARl dn i A5l o4k " AR oome BERAYT ahang bt

pr ocedur esdctiofi eg@atbed sitaiviaddl ihfoe as asREFdRAcratok T sibRectb S fbdd Préteatept
identified to be in any of the nodes fromthe know edge base, but all

vari abl essybseqtion; asiipsie Eactionalgr sectigny jelég Vhbe HRAyEaetioaaor weetionaity BWR Bdunds,
t hen the i | I 3 0,1 of
the var: abfouiopitd & (ke QubBothyoa b s KOS B colonf flMe AR,
@bsect i ofhishiesaichichlodebempositiort schane tsidepictelie Figi2cent transition is
identified using the procedure described in Fig. 6. This procedure W)
112/ 191

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



- 14 PCT/ SGOL /00231 conpares the currently evolving transition with the
transitions existing in the inported know edge base. The current transition
can be i degfiNsed using a simlarity metric to conpare it%cﬁﬂﬁfo §8f{ 1 zation
with the characterizations of the transitions in the know edge base. A

mul titude of simlarity netrics can be used to conpare the characterization
of the 5 current transition with that- ao & transition in the know edge
base. I n one, such netric, wavel et deconposition of the plant sensor_is
carried oliRnsHipnsie hAwestioans gad i be wajaeds f-ond oRbEfgol ipsubsretionsde plliimn t o
obt ai n appr.gxi L oeff i Ci | 5 IS, The
nurber of TPSel s Sty dEEha L8 bE hderi By BicalB LT o7 1 Hue R ARPERRA e ol y
t akes a vakurea ohndigéneiath bubsedtion orfdeetion wdly el @ty tooe beiis eeattly oae of $dveral
conpared 10 with the wavel et coefficients for transitions available in the
know edgePPFa0L Mefes oL TARRlNSavi ous node i s known, the conparison can be
rgstricted to only those transitions that are known to occur fromthis
node. A normof the difference between the wavel et coefficients is obtained
at each | Nexl a madd ofia subsectionadan Helvhgmcienrzerkbyi specifyipg keyl desthiptors seh ia§ awn

that provides t | east normis fl agged, as the rrent..transition i.f the
Vo telor e it et Dosnd Rk FcbiprogeRd e anfn kb EohS St BRER e Fatighle S e
of the snwbhlas\]galrga@f mgi SubbRUPaE ih RR rhddes Asr%-éilﬁﬁr' NEPsRL.AMBE Rhst ddpart he

transition is agged as an unknown transition is procedure is repeated

for each pugbessciatiables Har sibseetinn wpeldymderge sipoifirgnichangeswhewthe sthgection
pmlarit asure descri hed above can be replaced with.other .simlarity
Thasur es. YoARRRER adr GO d ey SR o e Ry B e or 8k el o et o e
for the spgtibistransitionf &l framditiy ih AQkbdREtidDis Cheast¥erdd ByoddseptbaRliéh avak | abl e
in the know edge base for each section. This procedure is carried out for

al | the sasetotfskayyvanishlenglang witk distingh fepfusasdncheir vamgtion enthe transition is
above- ”E“E:te%{ikt%ﬁ fELhed OdeEé“éx{bfsé&i%né}:%etd{a%ﬁifsg&h&) tB% %ﬁgi%ﬁm%yof‘tﬂgﬂadsﬁt}’dn?g the
S e or tron. 10 P e

2 5 curren ate - 1o ransi ransi I'n~a process

consi sts fie m&ieaiTahe ubaEsn afmatiatel PR tisaddmpdétion! of theltthnisition, the stareiidse ng
the current state of the process, an additional nethod exists to track the
bPocess wht errangision aad dhe prgh timprpfdtheiiengtion, st s The distiget fegiwres. ofghe key o
know edge e; j LChes d Rt 0 :

avai | abl evﬁ\abﬁ%em? %g?nq g %gﬁegl %?)g t@%@%’a@?n‘é&rgtﬁ%{:g ure o e%‘ﬁeg%?g grls%sltsbn;
and 2. t hearihbit vahods af thatbepmaingfant hempuaios 96 cachrticall) the nolxirnmg ahd eninimum
transition. (%D 021A l}gl 5 .13 PCT/ SGOL/ 1111231 The phases in the

oper at i onVhesHdhey (ol 151 aRY PR G%dur e is represented schematically
using a Grafcet representati on as shown by Vi swanathan, S., Johnsson, S.
C., Srinivasan, R, Venkatasubramanian, V. and Arzen, K F., "Automating
@per at i ngAPmumtidugdecagyent hegslion Fovaidtetbelin Pmoasied§ each dPals tconstitugih ewisedtipas

Representation Aad 5 Pl anni ng.Franmework, mput er s And em cal
Fnoi neer | RS 0gméves inj3 AR S eh ARRIRE S edRER EfiederEited BE MecPiuse ks o
repr esent gddbwf itk abstitucht SRGonaMEH SubBectionsli Al 2BtidOX% saitetotBineS r@m@lontigisk is
represented using a Grafcet transition. For exanple, consider the startup
of a dist PaneﬁliecS% iig spnsHiuenirectiong and subsections wmdergasss |advnstjios: dbs trapsition
initially t.all : rs. i | . 2 e -C00l | ter
to the coRbeneaih & BaRRERL b Re s B o reBion) SR 3t SE S 33nitE 1T
bbe reboi ketioanahdsubsdctivhs; and hbis ligforhstiin Mgy barstoniedintadobkbap ¢sblemMmTha f ul |
reflux; 4. when the product starts collecting in the top and when the tray
t enper at upHoR s Fharacterdzation therelgrgincluderdhisdeakup f#hle-and operate the col um
under constant reflux; and 15 5. when the columm tenperatures renain
constant, then the colunmm has reached steady

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



state. The G afcet representation for this particular exanple is given in
Figure 7. ? 0 For the purpose of tracking and subsequent nonitoring of
transiti ogyo g/ fabfset of the distinct features of a processMAdeebB:
(including variable trend, duration of trend and variable value at the

begi nning and end of the trend) is terned an atom The series of this atom
for a process variable is ternmed the -eddanced trend of that process

vari abl e. ;the'ﬁ%ggnation for every process variable during the current
transitioﬂ LG0T fed fromthe previously 2 5 generated know edge base and
is termed3as tie cthsSifitQdarad @harabratizatiah iof BdoB. mdAy dsideB&itell abbie:; ebanced
trend correspondi ng to each phase in the operating procedure (represented
by a G aftet stheglassifieationgnd ghuaeteazbionaf prphiteanpition @ descabedahoye. Thus,
every atomin the dictionary has a corresponding Gafcet step to which it
bel ongs. 3 o The nmethod for tracking the process within a transition

cgnti nuouThy hiepiesdeadribelie khowtedgof badee cauolbei rRgmPlaeies sievelopalbl wingl hige

combi nati on of variable trend, duration of trend, and variable value at the

begi nni ngaRFamtgnest methed fpetng wlyk shipamhical decopposiiien, e by ndudigg ned a
real -ti megat i i i i coul d
b w O B8 BT 05500 IBUERHGRR, FEWEA 85 CHafloREEAR LR AR and BERGUGEY G
of the pr@besknomdedgebbascavah bhedstehiped andorenstep i ore developddl ercesmentdiysby, but

the trend t he process yari able shauld essentially follow the trend as
given i n e HoTEats meole A7 GRPEIELEGT SHENT ORI LES GHOSHR AU Bl 1 or
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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 analysis. Trends can be generated for each tag

using any method including, but not restricted to, the wavelet-based trend generation
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Wher el n. S IRROGITERA fgTo e raisf sBPrFs iR o O OaR 8- R
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wherein said identifying data related to said known transitions are based
on t heor eds$ describpsk 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



30 7. A systemaccording to claim1l wherein said conparator is conf gurable
to receive input froman operator to determ ~~e whet her said conpl ex
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subdi vided into enhanced states, and_fygther wherein said database contains
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ansitions that said conpl ex
process is currently within. 10. A systemaccording to claim1 wherein said

identifying data of said conparator 15 conprises mapged data. 11. A system
accor di ngNe¥, teesi isp pothgsddee idsnfyinghe eursens praceesstae. $he appaspprimplements
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wherein a ast ‘a por of salrd nmappe tare nown nodes. 13.
A syst em agidonss tig: knowidde fraddOganbtedi fromathel lédsticah dpar t i on of sai d mapped
data relates to an individual subsection of said known transitions. 25 14.
R0 system according to claim10 wherein at |east a portion of said mapped

data rel apgs i ﬁﬂoﬁ-ﬂﬁé YdlHRALaROSERE R B tl&?érﬂcé%@%ﬁ!;glg&?x&f@mlig 3. f‘gﬁ?t hod

for nonitoring a conplex process over a transition p t 30
node, saimetind bakeds evimput: si ng: provi di ng a database containing identifying

data relajed t E{{OWP nodes and krovvn trggsittni ons; obtaining current
process data r Qylefge hase BrovinstyesenFratsddaithe Pragess: 02/ A 091 - 20

PCT/ SGOL/ $0231the current values of process variables; and

15 3. values for tuning parameters selected by user.

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
a mode, 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
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conpl ex process is outside of an accepiable range. 16. A nethod for
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15 smaller than a user defined parameter. If the value of the smallest norm is larger than this
user defined parameter, than the transition is flagged as an unknown transition. This
procedure is repeated for each subsection that is currently undergoing a transition. The

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

20 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 1. 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.
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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
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 process 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
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20 The dynamic feature synchronization algorithm described above can be replaced with other
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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27. A system according to claim1 whereipn-said identifying data related to

said Irnown transitions are based on experience-based data. 30
. An. AUs. Alystaw, AUadgigonay provides the phase being performed. As per the flow diagram
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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.
15
2. A system according to claim 1 wherein seu;c_i_' transition phase includes at least one

changing process variable.

3. A system according to claim 1 wherein said mode includes all substantially

20 constant variables.

4. A system according to claim 1 wherein said complex process comprises a second

mode after said transition phase.

25 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.

30
7. A system according to claim 1 wherein said comparator is configurable to receive
input from an operator to determiue whether said complex process is currently within one

of said known modes and said known transitions.
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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;



U& ()- y8"10% U& ()-610% U& ()- @G 10% U& ()-3 "10% U& ()-" 010%

U& ()- UVWX e |l {  bCylo%Gl0%e& ()-yF"10%& ()-&L0%& ()-10%& ()- 10 U
10 U 10 Wyo's3Q8mI& ()- " . abchccaBbCy10% 0%<&’ () - | PCT/SG01/00231
"10%<& ()-"109X& ()-!"'10%<& ()- 10%& ()-GLO%& ()-ycLddaefgggzXobC 1
"10%<& () -1 (""" 10%<& ()-! (' 10%<& ()-!%$" "' 10%<& ()-y, # "10%& ()-!

L' 10%<& ()-ggh@Ai Bi G O Vi {\ L&lO%u&o()- 10% u& ()- 10< 10< 10<

93"10%& ()-!,6" ' 10%<& ()-!!"310%<& ()

i \jj kaB{\ =S&16UPRANNE)S2IdSHIN RIRCEE (afa W‘tﬁ}(ﬁ%du@e'(lt}ﬁyw 435959 &5 (9 defempins ug () -

0% ue (11100 BB 11 Ry 5na gl R P B o

10% u& ();maesﬂ@%m&a (a)1d23" 10% u& ()-"0 "10% u& () 0% u& () - F(
"10% u&'()-qss&tlt t~ttttbCY 10% h % h - 10 u u 10- u;
+10% ug! () - : 4%orpoaring syl qugrent &@E’ng (égrﬁl 8%—‘9 %@8@:%@ ﬁ@ow Tpeges @y

0 03 Mg AR 0 M T P iy 10%

h& () - yZysofess|i6huEdE6Rar SdehiEble yange 3" 10% h& ()-. & 10% h&' () (F* 10%
h& ()-&9' 10% h& () - F%r 10%
h& ()-6}1}}111}}}bC3" 10%4| & ()-3s910%| & ()-s10%}| & ()- 10 h 10 h 10 h;

“10% h& (§- 8h0%ethod for su erv151 /g a_complex process 1nvolv1n a client, said meth
h& ()-}Uh/dEbC 10%!| & ()-&4"1 <4| & ()-"10%| & ()-G'10%| & () - ffz&lO‘%Al & ()-
4" 10%4| &'CQI)IPIIiﬂHgiEbC) 10°/e4| &' ()-
"10% & ()-& . OfV %1 & 14" 109 | &, () - . .
1 10%| & () - <}ogR) (s:)u @%}% PEOCESS: gald %%%%ogqtr)spf one of at least one

"10%4| & Qr)msxtﬁ&%ls&ar(d)aﬁeast i¥bde; () - CbC "10% u& ()- ~&10% u& ()-10% u& ()-
104| 104| 104|y810%| & (3 810%4J&' ()-. x3{\:bC 3&10%u& ()-&3&10% & ()-&
38109& () - &3" 1Posting said 1 ep iodstgte (cpmprising said one of at least oné transition phase

(10%uu& ?h 100 f#10% u& ()-S
10% u&' ( c%‘aﬂ:g%}}?g% r? C'!l%) %6 u%‘ %}éﬁt %éﬂO%Ju&' ()-&PxmbCl'! " 10%& ()- 10-u
reconfiguring said client based on said identified state of state of said complex

15 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;
20 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.

25
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:
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consolidating and characterizing transitions;
10 generating an event list for each lower-level group;

generating an event lookup table for higher-level groups; and

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 1s 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:
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23. A method to track a complex process within transition phase, said method
10 comprising:
providing distinct features of process variables of common operation data within a
common transition phase;
measuring distinct features of process variables of said complex process within said
transition phase; and
15 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.

20 24. A method for determining an enhanced trend for a series of one subset of distinct
features of a process variable, said method comprising:
obtaining stored information related to said series of said one subset of said distinct
features of said process variable;
obtaining current information related to said one subset of said distinct features of
25 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

30 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:
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comprising:
10 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;
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
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