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Research on Knowledge Structure of Plant Operators
Kazuo Furuta ”, Yutaka Furuhama”, Shinji Yoshikawa”, Kenji Ozawa"

Abstract

This report describes an assumption of basic knowledge structure of plant
operators along which plant operators understand the target plant to enable
themselves to properly diagnose and operate the plant. A verification study of
this assumption using computer-simulated simplified plant and human subjects is
then reported next.

The purpose of this research is to establish a methodology to support human
operators to form appropriately organized knowledge of the target plant so that
they can perform correct and prompt decision making in identifying anomaly
causes and in chosing responsive actions.

A series of surveys and tests described here have revealed that the basic plant
knowledge structure can be considered to consist of a)a Quélitative Causal
Network(QCN) which represents propagation of process parameter deiations, b)a
Layered Plant Function Model(LPFM), which represents how the top plant
functions are supported by the sub-functions and how each sub-functions are
decomposed into minimal functions of the plant components, and c)Links which
represents relations of particular process parameters in the QCN and particular
function in the LPFM. This structure has been proved to be effective in teaching
an unknown plant in a way that the subjects can diagnose and operate.

1)Quantum Engineering & System Science, Graduate School, University of Tokyo

2)Quantum Engineering & System Science, Graduate School, University of Tokyo
(Tokyo Electric Power Company, at present)

3)Frontier Technology Development Section, Advanced Technology Division, PNC-OEC
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Figurc 1-1 A Schematic model of plant operator's cognitive behaviour
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Table 2-1 Classification of cause of trainee's error

Step in Means-end Analy: ‘ Cause of Erro
Assessment of difference Misunderstanding the present state (C1)
. Misunderstanding the effects
State prediction of operation (C3)
Misunderstanding the
preference conditions of Recall
Selection of - operation (C4) failure of
. Applicability ch A
operation pplicability check Misunderstanding the operation
prerequisites of operation C2)
(Cs5) 7
. Misunderstanding the conflicts
Conflict check between operations (C6)
Execution of operation Confusion (C7)
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Figure 2-1 Identification of cause of trainee's error
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Table 2-2 Subject of question and judgement criteria

Error Cause Subject of Question Judgement Criteria
The status of all parameters are not required
C1 Present state to be answered, but correct replies are
expected for all doubtful terms*.
3":;:3:_ d} Omitted operation(s) Correctt replies are expectec'l for all omitted
operation operations no matter of their order.
c Unaware | 1. State to be archived nex§ Reglies to the both are expected to match
of standard] 2. Operation to attain the |completely with the corresponding standard
operation | state operation.
C3 Effects of the operation | Correct replies are expected for all effects.
Preference conditions of All preference conditions are not required toj
C4 the operation be answered, but correct replies are expected
for all doubtful terms*.
Prerequisites of the All prerequisites are not required to be
G5 operation answered, but correct replies are expected
for all doubtful terms*.
Applicability of the order 'No' is right when the effects of Op1 conflicy
of operations: with the preconditions of 0p2 or the effects
[entered operation (Op1)] of Op2 matcl} the preconditions of Opl.
Cé6 1 'Yes', otherwise. 4
[omitted operation (Op2)] This question is asked for each omitted
(Yes or No) operation, if the question for C2 in the above
is correctly answered.

*Doubtful terms are defined as those incompatible with each other, and upon which the

entered operation was judged inappropriate, e.g., a certain precondition of the entered

operation and the contradictory term representing the

-2

present state.
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Table 2-3 Appropriateness of identified error causes

Appropriateness of Identified Error Causes Number of Cases
Complete match 12
Appropriate 22
Partial match 10
Inappropriate 5
Total 27

Table 2-4 Error types observed

Error Unnecessary | Omission or | Selection Error withJ Wrong Intention (any]

Type Operation | Sequence Error]  Right Intention other categories)
O 1 O 11(9)
Number | 3 24
of Cases | (0) 4200 (19) 4 10®) 0 0
X 2 (0) X 3@

The numbers in parentheses indicate the number of those errors combined with inapplicable
operation. Each sign means that error causes were completely identified (O), partly
identified (&), or not identified (X).

Table 2-5 Error causes identified for the error type of omission or sequence error

Error Cause Cl1 C2 C5 C6
Number of 1 17 17 3
Cases

PDEOEB»S BRELAFRIZLVF Ly IX—-AOFEERITHNICBIT AR
WOERYBLRIETELZ D bhor, LALERFEORS, RRELT, U
TO_ENEREEINS,

OXRBCIHFBEEERIT TREDL ENIZMEBOA TR o7 LA LAKITIIFER
HERFTELE A I CHELZMAAREICERTI LA, FLy VR-AD
RHSERRRITEID E SNATEBRARIKIR T ClRIP TN ELRVEEILND EH
L FERBERIT CIFREOERALEGERYERTE I MEB B
BBASDOERENLT Yy THEITBLHBETE LV, FLABTHWFIETIE, 7



IV PEFNVICBENSERS S I ) Lh okl HHREBKICHT 238
EFEL LTV TB)BELPERX O W EVHEHS  BRE LTHRBREN
BRECEBATLIVBELZEBYOF LY YR AOFEFRTEZ L 5%
wr—22Re I, -

OXRBIEIZIZYTIVE 4 AEHF LIl HBRERERN L IRBEBOA R E X
5L  MRLLTEREITRERELTHOBD W - C. IKRHBE2EHIC
LTLEIEWIRADN DB, TV TV L ABORINIL., BBEICHLEHE
DI ALLR PV AEDNITTHERROBBERE GBI ENTELRVEV) HIC
BWTh, ¥4 TATHLHREZZIT,

RO DBEREZTCREUBRETIEF Ly SR AOHBERITH L BET S
-O0PIEE LT, BENSEUSFH Y, VT VI L 2¥EZ/HOILEARATRELE
FeEZ, TLFEBERINO X & Well-formed 2787513 Tid% L, FEERT
A MERTITEZRZ 2 HiEFEERTLLE L,

25 F&o

KETIE, FREERITICESX, 75> MMEEDOF L v I R— XD FHEER
TR BT 2 BBRCERNSEB LU ZORIEFEZREL AFEZHAVE
BERRESATAZBEL, ERICIVFEOFHAYLZHER L. RELEBR
BRI REBOZIMEBH P OB LERL TB Y  FURiEEL2TH) LTHEAT
HorEEZ D,

AT LARBEFEOB A, OIX, BIETEETREL. CRICK Y AIESERT R
FADFBEDADIZL W BREGROREF FHERALDIZL > TH B L IER
HErB L USBBEROREIITAE L)l holz. EROER. FLyIR—2AD
MERATH 2T 2BV EL BRI E . BIUFRBERTOBERD
IRER*EE L7,



SE AARILEFN

AVINEFVER, DY AT MK L CHAEFROLNES., 0% ) 8
BVRAORIIRNTVS, HEPOEFT L TH 2, L v IYR— 2 DORERETE
TRIDAZINVETFUINBEENRD L bl HRZBIcOWTARSE-LED
NEZAYINVETVORRERERET LI L id, JISXBIAF AT, BET 22
BEOMBBERBLEDLILIIE L, —DDBEL 12, KETIRAY I VE
TFVORREB X UZOBEXTIEE ) 7o -IEEEE Y A 7 42D CHRE L 4.
77 MMECAV O MEBOBFBICETX BMEBOA Y ¥ VEFLOERYE
ZREL. ERICI DV Z2ORYME2RIET 2,

31 HFEBRBELTOXAAILETIL

TEZHRBPO AL I NVEFAHFER ENHFRICIE. University of California
San Diego {2272 Norman DG L - RHM T FICZOBMEIEGH XN TVB X Sz,
FRBOBRIICILoA-E /&Y (User Centered System Design) 233 2B L E
Bl Db, REtBEVBFOHOFIZEOVATADETN (FFALA X EFN) Ik
DVRTYARAT LA ATV R L EHBER VAT AREI L TIDYRTF AL
A-—VEBRL. ZNEBIRLCIATFADAYIVEFTVEEY LIFR. 20 L &
REATEDTHA VETNVEFRHEDA Y IVNEFTVHBL—BTELEH . VAT A
A A =T % XEHT B 2 £ A%, User Centered System Design TdH 2, LBLAY 7
EFVORELE, ChE2H[/EMICERLTO LI LIIES T Vv, Normanld X >
FVETVORFOUEE L TROADEZZEITTWS 51,

(1) PEELTH 5D,

(2) IEFICBEINETL 2 EDE LRV,

(3) AEETH D, LELL DL wEEhLZELH B,

(4) AT AETN (NRPOETNEEE) L OBRIIBETIE 2V,

(5) IFMENTH S, BFLBEVAADPANRAATVEESLH 2,

(6) SERLLRIDTH5D,

EHIC AVINVETNVORERHABT L MA 0D HiERIL, 50L Z»EHED
WEICESL 7O FaVBIR DN E W, CDEHIZA VI VEFMIZERE LT
WTHREED BEETH 545, AMDITEI T 2 BBICAVTWA MR+ AiENIcED
LZbDELEZON ) HEBICBITA2ERIZVWAIGENVETT— Y& 2 %D
THLESEHT TV Zh I COMBERAO7 7Tu—FIisd L i 28s% 5
RAIEER B,

A NVETVORREL, BIRNRE T LHRICHBEL T, REN LB N
COPREEINTVD, — 2R FEBERR EOFBChbNL. [F4—-Te ]



DEFOAVINVETFNVTH D, [FA—The ] Lid, HLHMEERIZOVT, £
CTRIZERIIOWTIRERL TV 24, BR 2 h T2 00 MAm®L Lt
fIbFoTVEVE FEWV), TRIRL TOFEBERRTHI L TTRELL &
MADOR- VIR BV EBIEIC, ZHOBFLE K- LVOELIBCOME,S,
FORBLEEBICEDLIEBIVIZ TV FIUFTZ2REOY - R LTEDL
7B, EfER (X boY-) AW, BEREBRT AR L2 MEEREH
L., $B0OEREEIL. MEERLEZ T IT A TRAF—<LVHIBTEDLT
TR RALBIHH B, F 1, SHEOBRIC L 2 REHNELBEL K- LT
. AV NVETNVEHBRILIN-REBEEL L THRoTWS,

—h B AT AOEBERB L L RPOIRSL FCLEBOBRICHVON
BAVINVETFNVERDZ) LETHEB TR N2 RAEBEOESKELTSE
bLZBDASE, CDEH) LRBO—DODOHBHLLBMEELE LT, T/Xf A}
ROT—HHb, THIINEWOWENLBEZEREDLLZIOTH Y WELER
R LS, B8 E EOBEOMN»E (NE) TRA2 EWV) BHEIIRS
NTNBED, BE—ICREZ LIIBRL LV, TNA A PRI =X YR OE
B, e ZITABTOTFT—IORN) BB LR EFBREENS S, Zh P}
TREEZORLIBVRLEZHOBEENEML Sidbrr o 2w, 2 2 TREEZ TR
THLDILEZBEAERL. COBMMOEELER T2 ¢ THRY L EE
EFNVELTEDLTDOITEN, B INEWIZHI b S EHEO BRIFRHNERIC
FoTEFEELMBETRDOLTILDTEETH . BED EENICEZ—BIZED
HZEIITELV, ABIOBROEREN (T IT47) 2EDLHZ L THEEL
BRHIIEDLEI ETERAR. - ZE RO P ud— it hhbbs—2onk
BTHEH, FXrPEHE—NWERBICES-TVALIIT LRV, 2T, M8 WICHLE
THRENZ AHOBRECHITEOHL2AEA» S RTEENTHL L I2ED
THEEDY, AVINVETNVERABTELETOEELRBRLE RS,

C CORREIZH L. & 21X ].de Kleer & ].S. Brown 7 (&, N4 A h RO Y —
FEDLLZVWHATHIBLIRY) O, REEOHBOHEAESDLEZ I THIIL, £
DOFPLERICBEINIHARYOIRLFVEFHATLLDLZTERATI LD
HEETNVZE, AVINVEFTVORRE LT, OB, HBiEd Sk
DHLIHBREFNZTRTCRERTEHIETHY, COFHKEXERIL ¥ETVamry
(ER). BONTHARETVOLEEEHEMOREHBRB L S\, BRI
T HERERYEEHLIC X AR LA TV S, CNIEELR D A VY I VETVORBRIEDIR
HTREL, AVINVETVOERBELZ, Sl I REENELD, R8N
WKEhrESNLLDE, MM LERELHEICHTTERDLAAIZE#EY DY,
R HES 2 ER R OBERCHENEDY 5 AREIIBVONE A VI VETF
NVOREZEERDLAELO L U THEIKREY, BRI 7Y —26licE ), REHBRE»
SORBIZEIN B RVTHF—IIWNTEAVYVEFVORBEEHARERL



720 72MD. Williams 5 8! {3, A ¥ ¥ VEFVOBEEFEL LT, BEL 7V
JPEWIBMEEFRBLABEI 727 MELEROFNA R P Rud—-nER
THWHNRLETNAZRETNEIZZAETH Y KEREOF 7V 27 LD b
ROV ANVLBRUFEORRHLERR,. BIUHNNZEREZE-TWS, £40F
7727 MCRRUEAPBEESHOATEY, ZnohBYUEEZLEEL, 7
Vil MOIRBBAEZHRELTVS, AV VEFNE. COREF T2 b
BOMNZICIYRDLDEINDZZLIZR D, 512, ABDBA Y I VEFT V2 BVTH
RMOWBFHEET I L— L, HERTHAERE. HAE FROY— 1At
CEREZEET LI TRUEEZER TOERL LTEDLE, Hid, B3R
WOMABFCEPUCE o FEBRIZE D, 70 FaVBIRORREZEZE TR L
o, BEAX TV DAV I VEFVEREHERIEL. BERENA Y ¥ VE
TVEBELTOBEL, BEA 727 FOEE BELICXhEbELD L
ZRL7. COMAEL ., FIREBORRLTFNL AEFVEHE—HIZ/Z A A ¥
VETFTVOBEFRERELALLW)HRT, FERLEX2,

ELIT, LREFIIV oL I LWMEL VAT ATRZL, KEECEEL S X
TALHTEAVINVETFVZFEOIBELE LT, ERB. SHEV) ZonF—7—
FiCBeE2 5, ZROBAIE, ES5IITo12pibNns, 23 ) BENEE
&, BRENEZETHS, BiEIBERHONEDEVICE2EB{LTHY ., 81
BERBOMBEEDENVICLZLEBILTHL, 2hbid, DANERRICRY DD
SN, KBELV AT ADRI B EEOYENNETEIONSLZE, |k
RO L HIZ, BEEIIIEENIC, BRICIAMBEFEORVDHLLEELZL L,
TCHARGBMETHLLERD. BENSEBILIZOVWTIR, BRIZHERT S
Rasmussen {2 & A BEEREBE TV S BSEFORWEABITH 5, EREICKHEBI X7
LORIBAEEZRBETNVERANTEDLLAEFAE LT Lindick A< VFLNL T
O—E7FNAH5L 008, ZCTIREELELANTF-DORIAOMEBEENS ., YAF A
EELBEL IBVOBATHAVT. VAT AD X T F 2 BENSEE KR
DERMI—BELTEDLTIEICHEIIL TS, ShEHIZLT, &F T8k
HHREDA I NVETVIZEETAEI VAT LADOFRE TR LG FUREF
DEVEEMEELNLVLL  HREORKCHEAEEL NUANEEBRALTWE
(LEZXD, VAT LAORREHIEIISHL., REtOMFL 2 H o 2204 EXMRE S
NTWB.F7 VAT LADOREER Y HLBERVHRECEDL-LOEERE L,
ROHE. PR, SEFSEFLHMBEOEDEAAGDLEIZL - T, o, SN
WEGKBBLE AT AILHTEAVIVEFTLVEERED LY Moray DEEFIL
5,

FEOMEIE, VA7 ABRUEZRORENSEN., RURLHCEROFER (2

YFoAN) KEMICHRT B, 2 LarF AN, VAT LAORBRER
BHERE, MROBRALE2RELIE®RTORREZIET. HEIEXEOFR LIRS &#



W RSB L TIIRL2BEBELBRINIEER. B2V F 7R
DT TRIHRONIBERENKRE RLRIHETD 2. LBEOHMETIIZ O L) 23
B BARHELEBEROA Y I VEF VORI NS L E2 D, i ABOS
HNERLE RO LLLDOTH) | EADOHERKT 2 L ) 2. AROB#EL EF VLT
5L TERLGMETH S, RETRS X HIL. TNOHEB. FEOB|MEIT, Ik
BUVATLAOMAEFTHTLRLHOEBERTWS,

32 IEXIEBIXAFLEAAILEFL

3.21 WHY
BEIRIVATAIBNTA Y I VEFVHFERSED - DRTOERBETH
%, Collins HIZ & o THERENWHY VAT AL, KB FEL L-EEE
VATLATHEH, S TREAEILOVWTOHEEN BRI LT bTIC. BANSR
ReRy7-O0FM., KRHROIELEEZKRIET A D0HEM, FELZEREELL:D
DEMZEIZE o T, FRRIFEMRBELFR LDV 7 5T AROHEBED
W—NVEHHT A EPHNTH o720, ZHIEFIZ ITEBEIEROFBHAOI-D
WRRLAEBHIMAT S 2BE . TR THLTHE LTV — Vo TEEE
WRL, TOEBEH . Lol D TH B, BREBICIZC0D L — VA S h
7oi, FAAL AN, MBREICLIBEEEZ R -7 L -2 KRIZL B IRy
b (BARICIIERER) BORRBEROEROATH 72720, B 7O AD
AN ZALREFEORY #BUNIKRHETE LW E W) MEAER I £
TStevens HIIA NV M2 EREN T 2B EZR L BEENICR T, 20H%4., B, B
MM ORRE EEREATAHEENERLZ. FXA4 VHICIMR 2. SHICEX VAR
B ETrIEE T U T A% 4Ny MIDOWTORERIC L VL 2045 . BIl L
MOFAIEEZREBIIOVWTOMBEACTITL ) CEFHRREL L H I o T, ZDFE
i, BOoREBELAREIOMENRERL L) ERTESERS  (Multiple
Viewpoint) EIFA TV, ZOBRESIIZERATHICE SEARR /utXizon
TAHOFE LB bh e %x, KL NVOKREET V., BEENICR-KOBEER
ETFNRENOOETFTIVIZEL, 2hi £$E X ¥ ¥ )£ )V (Multiple Mental Model)
EFFAT EHIELIICNLDETVEBREROMRE LV HIBRE»SREL,
HMBEIZLoTRRBILENL AV INVETFTNVE LI 22 TiEHDHEFIVICER X
N7-BfRIZ, TR VHEEOVRVETVIZL > THEEN S,

3.2.2 SOPHIE

—HBrownb I FBEEHBEIB AT LONFEEROMHEE S X571 %28
BT, BREAKROWEZH % FA 4 VI2BU, SOPHIE 70327 M 2EI L
ooy 27O TL s bTCIRYIAL— T a BB YSERECETRL, VAT A
HTHRLY I alb—2a Y RESWTHESHATRICEIZI) . FBELD
WMEMLHTRIGEEZERLIIELELDTHE, VI ab—TarN—ADHESR



FEORBICERS B2 N7 SOPHIE L, HESHO [BPMK] £ A7 AIfAR
A, TOBW 7O LR IIEBE L HEMNIC D AL RAD % &Nt SOPHIET % &
C. SOPHIE-MI TR ENITHOERY Ialb—varyzErIal—Yaricy
B2 LV AROBESIIGENY I 2L —2 3 Y R—ADHD L ¥orisHi R4
Zo CCTHOT, BRRARETNVELTOAYIVEFVIEBREND, FOH A
BRNA VI VEFVERAZOEFT V. TTFNA A BREZEFLCEL.
ZDEBEZTNAZA M ROAT—EFNE LTHEL%, 38R (Envisioning) 12X -
LS, ThidE KICERERO 7O A TH Y . Envision BRI-HED#D
FRERIZOHOELMER. ERIIal—YaroR—20—o2L %2, =0
Envision Bag & (it &5 b DHTQP (Qualitative Process) BRI TH 5, E55 18
BEROLHRFRZEH L L-LDOTH A, M@K Entity) 27V 3IF47
ELT ERSNT-EEROREER» LHEINLIBHE LTTOLANERIL
EZOIZRL BETIET)IT A 7T RATH Y, BHEOKREIT VW S220T
Ut ZADEEOEEGRICE-oThI2BHEEES NS,

WHYRSOPHIEIZ BT ARAIEA Y ¥ VEFLABIROHIEL ko225 lWETIL
FAL B ABICO2 Y BWETERRL TR L W) 7 Fa—F5 5 Mkl E
MELTLPAVINVETFVELELZTBOT HEXEY A7 A LB BB
BRAVINVEFVOERZE#H L TEw vy, THIZH LELFIZZ1F 5 STEAMER
BIUTQUEST 7u =7 Tk, ThZFICRATWVS,

3.2.3 STEAMER .

STEAMERWI KEMRDESKIEE TS >~ FOBREBED =D 1B I NI IETIED
AT LATHLM ERKMIZET A2 M EN - ERREE L2 ST ESH S CHMA
TCEZDETYIab—2ar&fTho THRIENRIZOVWTORBZEDDL LV
RERTEOI AT ATHEH | BIEOFIERLEARN 2 TEHERIZEEBIN - HKiS
LZ0NE %020 Ol O  BBAOFREOETERELZ 74— FXv 2 LT
BROBAEEEY 22— Ve BEOERORBEVEZARL LKL [ =
BE|DZODEV2-NVIZLOBRENTVS, ZOVATFATIRAYILVETF
WERXEOa 7 LT [ BERLRIBFEE (conceptual fidelity) 123 X
A ORRFETTBEZ S I 2 L — 2 3 ~ (interactive, inspectable simulation)] % Z5iF
TVWb, CHUIIEELYBET NV TII R, EPEOF O A Y ¥ L EFVICRERD
BELIZETVERAVTRIESROEECEZTHIL T2 LIZE Y . 20T 5T
BIZAVINVETNVELTRy TE&RLIERZ Ao TR LW EHETHE, LS
LIS TCHEETNEZAER, STEAMER CRZDars 7 NIFF 74004 >
=724 ALTOAERENTE) NHEERE THARATIIVEVI LT
%o STEAMERD#F2 7 IV P EFIVIERETIVTH Y, TOBREZHRNICH
RLTYUBUEIGLTA VI — 724 RALIZERLTVWABIZEBE 2w, D% Y
STEAMER i3 FHIIERKELELHIELTVAA VI VEFVE, BETIIE-T



Wiz,

324 QUEST _ | ;

CHICH L.QUESTTIREFED A Y VEFN L F LR CRENSEFT LR
BY 5 L) RAA TV 1Y, QUEST i SOPHIE DEMEEEE & . STEAMER O 5
TZITAANA =T 2 A ADEFZWY AN, EREBOBERL FIET S X
7ATHA, HLSOPHIE L %21, 20 BWiZESH Cidn ( ABORE
%0 QUESTDORADKBIIA VI VEFNMISE, SBBELEA LA TH 2,
CHUISEITHR AT Stevens LI L B2 ZERADELH I LEL, —o0OHRE 3
SELBREDPLRDZLICE > T, 2ROBRSHENICET L VWIEL . BL
UREMRICERBERT 2MBOATII L TN EX L 2 BMB L) S Lok
D, EDNBEIZAVIVEFVNEZEEL L VI EZIETVTWVS, HEbids
TERETNERHIIIY S 72D I12H (type). K (order). 3 & U5k (degree)
EV) IODRTTEFBAL T B, RUZEMH., oI (X kx ] % E0EN
ERMLEEHVERTEL) . BIUERND 3 OTH 2 RBITEF LGS
RILODEBBORBTH L, Bl ITHHULEEREROIEE. BLUAL v+
ZEZL DB LRBEIDARZERD EFMZOKRTH 2, ST ETNOE
BEERLTE), ETVHORMOBEEL LT L k2, EEOERIZBWT
. TTFEFEIHEEOR Y, OROEBREF AR EN, FTEEFZOLA
VOBZRZHBAPLERLEICE VBB L2513, X )0 %) . BRXTOEF
WNEEATORL ZETOHVRE TSI L LA VORNBEREFTVEEAST 2
CEREo T EBEVHEDA Y IV EFVOREEIIAbETCEFVEBRL,
ARTEBTOIRBEIRBTIILTH B, BHOIZZOWRIE LT, 2£TED A
YEINVETNVEBREIEL TR ETVEDERIT. FEBEOHRIZL 230
THAHEZEXFRLTWS,

325 AL RIEFIEMERRTE

Stevens 5 DIERICH B L H I AV F LV EF AL EBEFIEOBEREL ER2NICH 2
CLIREETHL, L LAY I VEFVOFEIZ L > TRIENROIEEVOBR
WCKRERENHAZ LR . BREHEIOTI Y M ATF AT TET ST FICHES
NTV %, BIR T Kieras b DMELR F/NA ZEF VI L 2 EBR0 T3, 5E0S
DETFNVEHICHASIN IV — T CREIC OIS ryOAREFIHINSZ
V—=7XD b, (1) KB, ERICFIEEZER, ETL. LY BLAALELFIE
ZHMLTE, 2) RKMFRICHTIHEEZ LV RCRDITHL, 20232 L2
HRLZEZHEL TVDH, EHILESIE, ChO0HBICBRLEAZBRIIE4
DEFZFDIRFV LR T 5 LTLELZNS OBRAHEEETH ) . EZ 0
HVLERPC—BRIERE, 7700 -2 ETIdhnwl E, Bl Y A 7 Titohb o
HEERIRS L WI EEREL TV, DL IR FAL VIR L e A Y
FVETAPBELTCNEPORR[IIT L EN-LEELONRZVY, FAL Y



BIUYAIZBIHARET FRy 7R AV I VEFVEREL TOR RV ERR
SFIEL L RELWVT LIXKD Stevens R White HIZ X o THHEEI N TS,

33 75 MBEREDA L ANEFLIBEEE

NEFIZIATFATHVLNS X Y ¥ VEFAVERIZ. (1) FHHEOBFOMEE
EEETEDIZTHTHY., (2) FZEOEL ) A4 LABIRELBTE, X
IR LV EZEVEO LI EIN A MBRELRE L IDOTLRL TR
52V BT Ly YR—- ZAOMERRITHONEIE Y A T ABED=DIC
B, BEBOA VI VEFVEREREL. BEL TSI IV 2H
WEBRIZE Y, COFHORZEEE LR 1) BLU 3) DRIZOWTHRIEY %,

¥BEDA Y I VEFVERIIEEBoLTT Y MMERIBMEHR S A T A OR
HEOBIE LTI ESORBRIER Y I AL —Yary VATARDIToNEE, T
DY AT ATIHRENROERETNVEA Y I NVETLVO—REEZ FHEDIH
BOHEOMAGERETFTNVE VAT LAORMTZEHR Y I 2 L—T 3 YREPILE
B, ZORYBEFRIELCT. BEWICAVIVEFLVEZEBETAZ L 2HVEL
TWwh, L2LIZ I TREBENSRORENLIERCOZFOACELANLTOLN,
COEBILETL, BELZOBNOBROBBIIFRHICIZTR I TR,

ARETIHEERDOTF L v IX— ZDOMERRITEIC B\ TE, ZEEOMEDY
BhubhbERET S —23 77> FOBREIZET A4, b H)—23 77~ b
DEFVICET2HETD 5, BIE T HRENE,. BETBBMRE PSR, srEidE
VB0 BERSOTHRICEZEAVONILOTH ) BERINEYEHNTEILA
BThHb, TTHHRDOETNVEER Do

BV IR B T TNV TEEND . S DEFIVIIRERN R P OER % HEEkaY
BELSHE, FV—7L, ZOTV—7HICBELNV, BELVEVOT
BEBATFELTVAERRLTIAZEBIEBELLALDTH L. BERDO/I—N
V7u b VEITICETSE, ¥ A7 EO BE-BE BEOMIEITOWTORER
OMEBIIZDEFNVTEENDL ZEDPFREE ATV 9,

BN ERREETFVTERENS, COETFVIRRESRPO IO L AR %
REFEIEDING A—F L LTEL.ZOELICE 2EMNLRERHE % FEE -3
BOXBLEHGRICLVELELDOTH S, AHIIEREL L TA-TL 1EHR%E
EHMICERT A L TENNEMEBR L WO RBHRZ LT RoTwb EE
2o, EHEET TP ERRLTHOEHOHAICHVLNIMBEER(ELT
WA ZEF—EHIIEbRTWS M,



AV NVETNVEBIIBRIEME., BN 2 BICR T RELEZ S, £
TRIEMZ L BERET 7 V. BBISLr eEREEFVICIVERL, 2ho %)
Y7 CHERULZRBEDETVE, AV I VETVRIAL L TRET S,
Figure3- 11 Z DS EZ R T HERBL 1 VIicBT5 /) — FidEdb s iz BW %
ZL. )73 0oRBREERT. EHEERL A VICBIT S/ — FIEERR
BDONRNTRA—F HENVINT A - FHOBMEGEEZEL.AMY > 2713/85 2A—%
MOBERBERERELTCE MLAVYEER) Y 7 3=EED 5, sitgsH v 7
3D 28EL. ZOBREZITRITDICHIRBIC Lo TWAE Z EHFENELRNRT
A= EER R 7 3REE, ZOBREICIVEOER T AT A—F 2k
Ko BB Y 713D HMIE, FhENSA—FTOREDH L VIILE L BR LB
D, BT BT A= ZfFER, Xy, BEERBL A v Lo B —#8EY >~
73, EERELVAY EOBERBRICL VIR ENEZ L2, BIZE RS
HEEHER] &) BEIHEY v 7 TEHREL A VY EORY 7O EEHUSS
A—F DEZHEMS L, HEHNV— T OBHMER LN E, FPLSEHMOBREZ
BASE, TRAEHY Y2128 [HRLEH] v BRIZHERT 5,

Hierarchical Function Layer
Goal

&) Opergtion

% Interpretation
iLink

Qualitative Calisal Layer

Figure 3-1 Framework for representing mental model



EAVIVEFVEROEMI =SB TONS, £, AR THHETER
BEFTICES W RERRATBRICAVO NS L LA . #80E-34E
HOMIEERLEDESNTEY . 77 ¥ MEEBOLERZMERELEDT Lot
TED. B, KA VI NVEFNVEEATIREREIIGLT, 20EH, HRHE
REDFALE, EURBELV AV LONRZAZWBZETELOND, £=12. B
M BRSO ICE SN T A0 . H 5 ENICH LTFOAESATVW W
REBEEETZEITMETH 5, TNIIBEENER~ONIELIET 254, B
VEBDE o7 @ER L XEL 2 BRETIEZBR L. BULEIOHM 2172 120
CLETH 5, ‘

84 AL AINEFNIBEERBEO+H1%

AYINVETNVETEOHEBRERAL BN TITe bR S L OERTIL. #
BEOA VT IVETIVIIERNIZEZ 5N BIEFRICOWTOBREN LNEI LD
AERIN, CAPEZ ONEVWBEEIFRENLOBOAIEREINSL L VI K
FEZBVTEL, L LEEOMETIIERNNEINSZ O VIBETH, BBRE
WEEBOBMICA VI NVETVEEENICBEL TWE I EATRBEINT WSS, £
CTRELLAZINVEFVEROTTHERIET 270, BENICHEESh L A
CENETNVORBERRLEER (EB1) 21Thkol.

ERIIHELEFRE7S > ra s ¥a—yyIal—=YaryEFVeERn:,
Figure3-2 I EZ R T, E7TNVIIIFESR AXRBBLIURY Ih 525 —KIE
BRE, FAEA, SEHEBE Y V7, #0405, PEBRAOKHMOR % A
THOOFMIRPOBHINTEY , BRERBRIIFHI0ET, £ 4 HRE, i
BEEVONRT A=Y 2 fFD0, PEBRATOEISICET 5518 HIZToTEH T,
Lo TFFERIBRFICLDBH P LEBELRBROETVE 2o TWD, ZRIBRA
W BRRFETZRAORBHEL AN TELIHATOAERLTBY, oy —¥
YRR EIFFBRL TRV, MILICTHETEELR/NS A — 7 IZPEHATOEMS.
Ay 7OREREELEOH )  BBRERI T RABRECLLY AL OB MR IES
CENTEDL AT —T724ALIZIZVLEDODDIEELRINT A — ¥ OEIBES
RINGA—FTZERET, A—F LI LY RIS T7ICLDERENTEY, 75>
MEK BT A EHRITRR SNV, Figure3-3B L U3-4124 ¥ ¥ — 7 = 4 ADH}
Bl Rd, TFHOKRFERESRIL, —ADOBEBRELZ-oTL Lo, B—BRY
TITEHHAGREIZID TS FOHEAZERLTHL OV EERRELZERLC
L) ZDHRBTEHETRSH /3T Ay DELEREINA L) LRET28E
FRLE, EFLOLOKRBTL., HMEBREIIZEWEREPALILE2LTRETL LK
i,



=

GAS-SUPPLYER  V-SUP |\ V-EX GAS-EXHAUSTER

O Y

V-OF-OUT QF-TANK_ V-OF-IN
1 _\J/ HG-A
7 . ANeume-a Y
RV AN L
7,
<

c3pe1upP

e
.
, &0

C3 P1 DOWN

C7P1UP

C7 P1 DOWN

Cio P1UP

C10 P1 DOWN

B i

Cs-P1 Ce-P2

CaP5UP

C9 P5 DOWN

Cs P4UP

Cs8 P4DOWN

ce-Pa Cg-P3 C9-Pa C9-P5

Figure 3-3 Appearance of the interface used in the experiment 1 (1)
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Figure 3-5 An example of subject’s classified verbal record in the experiment 1
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Table 3-1 Achievement in finding a not-predefined recovery operation

Procedure-based group | Mechanism-based group
Success 1(1)* S ()*
Failure 7 3
Total 8 8

*The numbers in parentheses indicate the number of cases which subjects succeeded
accidentally.

Table 3-2 Knowledge used to find recovery operations

Procedure-based group | Mechanism-based group
Operational knowledge 28 20
Mechanistic knowledge 1 12
Total 29 32

Failure
< Operational =
:.8‘ knowledge ' ' -
'§ Mechanistic
) knowledge [0
o Operational
g knowledge

.-§ Mechanistid
) knowledge :

14 16 18
]

time (min)

& B

Success

Subject A: Procedure-based group
Subject B: Mechanism-based group

Figure3-8 An example of historical record of subjects' operations in the experiment2
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Figure 4-1 Component description
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Connection
description

HX cold channel in-port
connected to pipel
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connected to in-port of V

Figure 4-2 Structure description
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Operation

description

prerequisite of valve-A_open is
[prs-qval of tank-A, low]

interpretation of fill_up_tank-X is
[Ivl-qdir of tank-X, increasing]

[prs-qval of tank-A, high] can-be-
a-subgoal-of fill_up_tank-X

Figure 4-3 Operation description
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Figure 4-5 Constraint propagation within an equation
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Figure 4-6 Derivation of a sequence of operations to attain the given goal
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h. SEDREFIETIY ¥ 7 LOENNY 7 AOEH L) bEN=DHIZ, T
SN HFOEBEERELZT) I TIVA, 1B TR Y 7BOEAFENZDIC, X
FZERETITTHLL BT BELITINETHH 2R LT 5,

Goal = tank-a pressure-qdif minus
READ VAL = 3.03
Tank Pressure = 3.03

# # # INNER prop

Target = pressure-qdif minus
Using Equation 1

Target = gas-quantity-qdif minus
Using Equation 3

Target = liquid-volume-qdif minus
Using Equation 2

**INTER prop
READ VAL = 50.0

(HEg)
# # #INNER prop
Target = liquid-mflow-gval plus

Using Equation 1

===TEMPORAL prop



READ VAL = 0.0
READ VAL = 3.0

***INTER prop

# # #INNER prop

$$3 Propagation Completed $$3

hf_goal (1,normalize-tank-a) .

j_path (1,1,39,tank-b,pressure-qdif.miuus.subgoal) .

i_path (1,1,38,v-b-lvalve-position,open,ind) .

i_path (1,1,34,v-b-1prs-diff-qval minus,tmp) .

i_path (1,1,29,v-b-lgas-mflow-qval. minus,end) .

j_path (1,1,24 upper-drain-right,gas-mflow-qval,minus,exo) .
i_path (1,1,22,v-a-l,valve-position,open,ind) .

i_path (1,1,15,v-a-1,prs-diff-qval,plus,tmp) .

i_path (1,1,10,v-a-1 gas-mflow-qvalplus.end) .

j_path (1,1,4 tank-a,gas-mflow-qval,minus,exo) .

i_path (1,1,1 tank-a,gas-quantity-qdif Jminus,end) .

j_path (1.1.0.tank-a,pressure-adif,minus,end) .

(HRE)

j_path (1,8,86.tank-1,pressure-qdif.minus.satisfied) .

j_path (1,8,85,v-1-Im,valve-position,open.ind) .

j_path (1,8.81,v-1-lm,prs-diff-qval,minus,tmp) .

i_path (1,8,79.v-l-lm.gas-mflow-qval.mimls,end) .

i_path (1.8,70.upper-drain-left,gas-mflow-qval,minus.exo) .
j_path (1.8,68,v-fd-1,valve-position,open.ind) .

i_path (1,8.65,v-fd-1,prs-diff-qval,plus,tmp) .

i_path ( 1,8,62.v-fd-l.gas-mﬂow-qval.plus,end) )

j_path (1.8.57,upper-drain-midleft.gas-mflow-qval.minus.exo) )
j_path (1,8,53,v-fd-s,prs-diff-qval.plus.tmp) .

j_path (1,8,51,v-fd-s,gas-mflow-qval.plus.end) .

j_path (1,8,43,upper-drain-midright,gas-mflow-qval,minus.exo) .
j_path (1.8,41.v-fd-m.valve-position.open,ind) .

j_path (1,8,35.v-fd-m,prs-diff-qval.plus.tmp) .

j_path (1,8.30,v-fd-m gas-mflow-qval.pius.end) .

j_path (1.8,24,upper-drain-right.gas-mflow-qval.minus,exo) .



j_path ( 1.8.22,v-a-l.valve-position,ppen.ind) .
ji_path (1,8,15,v-a-l prs-diff-gval,plus,tmp) .
i_path (1,8,10,v-a-l,gas-mflow-qval,plus,end) .
i_path (1,8,4 tank-a,gas-mflow-qval,minus,exo) .
j_path (1,8.1,tank-a,gas-quantity-qdif,minus,end) .
j_path (1,8,0,tank-a,pressure-qdif,minus,end) .

hf operation (1,1, [v-a-l-open,v-b-l-open}) .
(HBE)

hf_operation (1,8, [v-a-l-open,v-fd-m-open,v-fd-1-open,v-1-lm-open]) .

Figure 4-7 An example of a computer output log during derivation of operations
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RN STAR'I‘ *s8ne

@@@GOAL = normalize-tank-a
@@@GOAL = normalize-tank-m
@@@GOAL = drain-tank-m

hf_operation (1,1, [v-a-out-open]) .

hf_operation (1,2, [v-a-u-open,v-fd-ab-open]) .

hf_operation (1,3, [v-a-u-open,v-b-u-open]) .

hf_operation (1,4, |[v-a-l-open,v-b-1-open]) .

hf_operation (1,5, [v-a-l-open,v-fd-m-open,v-m-if-open}) .
hif_operation (1,6, [v-a-l-open,v-fd-m-open,v-fd-s-open,v-s-u-open)) .
hf_operation (1,7, [v-a-l-open,v-fd-m-open,v-fd-s-open,v-1-1s-open]) .
hf_operation (1,8, [v-a-l-open.v~fd-m-open.v-fd-s-opén.v-fd-l-open.v-m~u~open]) .
hf_operition (1,9, [v-a-l-open,v-fd-m-open,v-fd-s-open,v-fd-1-open,v-1-lm-open]) .

(FRE&)

v-m-lf-open was done.

Series Operation -» Current Context 8

unit_knowledge (2,normalize-tank-a,v-m-1f-open, |1} ,in) .
unit_kncwledge (5,normalize-tank-a,v-s-u-open, {2] ,in) .
unit_knowledge (6,normalize-tank-a,v-1-Is-open, [3] .in) .
unit_knowledge (8.normalize-tank-a,v-m-u-open, [4] ,in) .
unit_knowledge (3,normalize-tank-a,v-fd-m-open, {5.4,3,2,1} .in) .
unit_knowledge (9,normalize-tank-a,v-1-lm-open, [5] .in) .
unit_knowledge (7.normalize-tank-a,v-fd-l1-open, {5,4] .in) .
unit_knowledge (4,normalize-tank-a,v-fd-s-open, [5.4.3,2] .in) .
unit_knowledge (1.normalize-tank-a,v-a-l1-open, [5,4,3,2,1] .in) .
unit_knowledge (10,normalize-tank-m,v-m-If-open, [6] ,in) .
unit_knowledge (12,normalize-tank-m,v-fd-m-open, [7,6] .in) .
unit_knowladge (11,normalize-tank-m,v-b-l-open, [7,6] .in) .
unit_knowledge (15,normalize-tank-m,v-fd-s-open, [7] ,in) .
unit_knowledge (14.normalize-tank-m,v-fd-l-open, [7] ,in) .
unit_knowledge (13.normalize-tank-m,v-m-u-open, 7] ,in) .
unit_knowledge (16.drain-tank-m,v-m-1f-open, [8] ,in) .
unit_knowledge (17.drain-tank-m,v-b-l1-open, {8] .in) .
unit_knowledge (18.drain-tank-m,v-fd-m-open, [8] .in) .



default_rule (2, [3] , [5,4,1] ,normalize-tank-a,0, unknown) .
default_rule (3, [3] . [6.4,1] ,normalize-tank-a,0, unknown) .
default_rule (4, [3] , [8,7,4.1] normalize-tank-a,0, unknown) .
default_rule (5, [3] , [9,7,4,1] .normalize-tank-a,0, unknown) .
default_rule (7, [12] , {11,15,14,13] ,normalize-tank-m,0, unknown) .
default_rule (1, {2,3] , [1] ,normalize-tank-a,0, unknown) .
default_rule (6, [10,12] , [11] .normalize-tank-m,0, unknown) .
default_rule (8, [16,18] , [17] .drain-tank-m,0, unknown) .

(Hrg)

v-a-u-open was done.
Series Operation -> Current Context 9 11
Goal Attained! normalize-tank-a
(HRE)
default_rule (9, [19,20] , [l .normalize-tank-a,1, in) .
()

j_path (1,normalize-tank-a,40, tank-b,pressure-qdif,minus,satisfied) .
j_path (1,normalize-tank-a,33,v-b-u,prs-diff-qval,plus,tmp) .

j_path (1,normalize-tank-a,28,v-b-u,gas-mflow-gval,plus,end) .

j_path (1 normalize-tank-a,21,lower-drain,gas-mflow-qval,minus,exo) .
j_path (1,normalize-tank-a,20,v-a-u,valve-position,1,ind) .

i_path (1.normalize-tank-a,12,v-a-u,prs-diff-qval,minus,tmp) .

j_path (1,normalize-tank-a,8,v-a-u,gas-mflow-qval,minus,end) .

j_path (1,normalize-tank-a 4 tank-a,gas-mflow-qval,minus,exo) .
j_path {1,normalize-tank-a,1 tank-agas-quantity-qdif,minus,end) .

i_path (1,normalize-tank-a,0,tank-a,pressure-qdif,minus.end) .

(FHRE)

solution (normalize-tank-a,tank-a,tank-b,gas.9) .

(FREE)
(22T 2] END sse0®

Figure 5-3 An example of a computer output log during operating prototype TSS
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Table 5-1 Appropriateness of identified current context

Appropriateness of Identified Current Context Number of Cases
First candidate 17
Appropriate 31
Lower candidate 14
Inappropriate 11
Total 42
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