Designing Specification Languages for
Process Control Systems:
Lessons Learned and Steps to the Future

Nancy G. Leveson!, Mats P.E. Heimdahl?, and Jon Damon Reese

! Aeronautics and Astronautics Dept.
MI
00 Massac usetts A e.
a rid e MA

o puter cience and n ineerin Depart ent
ni ersit o Minnesota
ui din nion treet
Minneapo is M

re ious ede neda ac o or a s ste ode in
an ua e ca ed M e uire ents tate Mac ine an ua e. e
an ua e as de eoped o er se era ears iespeci in t e s ste
re uire ents or a co ision a oidance s ste or co ercia passen er
aircra t. Durin t e an ua e de eop ent e recei ed continua eed
ac and e auation AA e po ees and industr representati es
ic e ped usto produce a speci cation an ua et atiseasi earned
and used app ication e perts.
incet eco petiono t e M proect e a e continued our re
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n , € lisheda a e desci in a lac o o malsystem modelin lan

a ecalled R ML Re i ements tate Machine Lan a e. helan a e as
develo ed ove seve alyea sd in ane ottos eciy thesystem e i ements
o a collision avoidance system o comme cial assen e ai ¢ at called

a ¢ letand ollision voidance ystem . eca se this as to e the



o cial ede al viation dminist ation s eci cation, it as develo ed
ith contin al eed ac and eval ation y em loyees, ai ame man ac
t es, ailine e esentatives, ilots, and othe e te nal evie e s. Most o the
evie es eenotsot aeen inee so evencom te scientists,and e elieve
this hel edin od cin as eci cation lan a e that is easily lea ned and sed
ya licatione e ts.R MLisstill ein sed y the ,its s cont acto s,
and R committees to s eci y the ades and chan es to
hose desi nin s eci cationlan a es o ten have themselves in mind as o
tential se s. Ho eve , 0 amilia ity ith ce tain notations, es ecially mathe
matical notations, s ch as edicate calc 1 s, hides thei ea nesses. st
attem ts at desi nin R ML, theeoe, ee ail es notation as clea to
S tnot to the e esentatives om the ai ame man act e s, com onent
s cont acto s, ai lines, and ilot o sthat evie ed the s eci cation
d in itsdevelo ment. he eed ac omadivese o o seshel ed sto
eval ate the evolvin s eci cation lan a e mo e o ectively in te ms o hat
did and did not need to einthelan a e ho tosatisyo lan a edesin
c ite ia and its acticality, easi ility, and sa ility.
D eto ess eto meet deadlines o ettin onaicat, e
e e na leto seimmediately all the lessons lea ned om that e e ience and
a ly it to the desi n o R ML. ince that time, e haves eci ed seve al ad
ditional systems incl din a o ot, i ht mana ement system, and ai ta c
cont ol com onents, each time lea nin mo e lessons a o t the desi no o
mal s eci cation lan a es. esea ch oal is to dete mine ho s eci cation
lan a escan e desi ned to e ect these lessons. esea ch a adi m is to
dete mine im o tant oals o s eci cationlan a es ome e ience ith in
d st ial a lications, to ene ate hy otheses a o t ho these oals mi ht e
accom lished, and then to instantiate these hy otheses in the desi no as ec
i cation lan a ethat e ill sein t ee e imentation. n this ay, e
ho e to ild no led e inc ementally a o t ho to most e ectively desi n
s eci cation lan a es.

s eci cationlan a e eseachis ato ala e eseache ot toin
vesti ate the moe eneal o lem o ovidin tools to assist in develo in
em edded systems. latest e e imental toolset is called ec RM ec
i cation ools and Re i ements Methodolo y , and the o mal s eci cation
lan aeis ec RMRL ec RM Re 1iements Lan a e. n addition to
the ene al oals ehad o desi nin R ML | the lessons e have lea ned to
date have oc sed o latest e o ts on solvin the ollo in o lems

ho h the se o R ML, e have dete mined that eada ility and e
vie a ility y domain e etscan e the enhanced y minimi in the
semantic distance et een the evie e s mental model and the const cted
models. he o lem eaeno add essin isho toconst cta modelin
lan a e that ill allo and enco a e modele s to ed ce this semantic
distance in the models they ild.

eci e s ae sed to incl din inte nal desi n in thei s eci cations and
seem to have di ¢ lty ildin e lac o e iements models. o0 a



second oal asto ovidlemoes otand idancein ildin sot ae
e iements ves ssot aedesi n models.

e o nd ce tain common eat es o o mal s eci cation lan a es ee
veye o onein se. n atic la,the se o inte nal oadcast events
acco nted o mosto thee os o nd y evie e so the s eci cation
and also cont i ted s stantially to the di c lty evie e shad in eadin
the models. thid oal o ec RM RL as to dete minei s ch inte nal
events can e e ectively eliminated om state ased modelin lan a es.

o mal models a ee ensiveto od ce. h's, e seo atleast a tso the
lan aeshold es oted ythelan a edesi n. ch eat essho 1d
alsos o tthedesi no models o od ct amilies.

ccidents and ma o losses involvin com tes ae s ally the es 1t o
incom leteness o othe a sin thesot ae e iements, not codin e

os , . e evio slyde nedaseto o malc ite iatoidentiy missin ,
inco ect,andam i o s e iements o ocess cont ol systems , .En
inee s have made the c ite ia into chec lists and sed them on a va iety o
a lications, s ch as ada systems, the Ja anese mod le o the ace ta
tion, and evie citeia o D medical device ins ecto s. o oals o
ec RM RL a etodete mine  ho toen o ceasmanyo the const aints
as ossi lein the synta o thelan a e and ho todesi nthelan a e
to enhance the a ility to man ally chec o  ild tools to a tomatically chec
the s eci cations o the c ite ia that cannot e eno ced y thelan a e
desi n itsel .

his a e desci es hat e haveleaned om o e e imentation ith

the desi n o ec RM RL a o t achievin the st o oals. es lts

o the th oal il edesciedina t e ae. hedesin eat eso

ec RM RL that s ot each o these oals ae desci ed t a com lete

desc i tion o the lan a e, incl din its synta , is eyond the sco e o this

ae. eaec ently odcin a e RMRLIlan a edesi nman al and
a tomated tools to assist in e e imental se o thelan a e.

he imay oal o thedesi no as eci cationlan a esho ld e toma e
the e esentationa o iate o thetas sto e e o med ythe ses,i.e.,to
ma e the desi n athe than desi ned ima ily to ma e analysis
easie o to e aith 1 to standa d mathematical conventions. ot a e is a
h man od ct and s eci cation lan a esae sed to hel h mans e om
the va io s 0o lem solvin activities involvedin sot a een inee in . oal
is to ovide s eci cations that s ot h man o lem solvin and the tas s
that h mans m st e om in sot a e develo ment and evol tion as ell as
to allo a tomated analysis. e attem t tos ot h man o lem solvin

y o ndin s eci cation desi non sycholo ical inci leso ho h mans se
s eci cationstosolve o lemsas ellason asicsystem en inee in  inci les.



e disc sst o o these as ects he e minimi in semantic distance o lem
a ove and ildin lac o s eci cations o lem a ove.P o lems and

, as they e ect on the desi no ec RM RL, a e disc ssed in late sections
o this a e.

nim o tant sycholo ical inci le o enhancin evie a ility is the con
ce to semantic distance . ede neanin o malconce to ,
simila to No mans seo thete m,astheamo nto e ot e 1iedtot anslate
om one model to anothe . e elieve that in o de toma imi e the a lication
e etsalilityto nde osina e 1iementss eci cation, the semantic dis
tance et eenthei nde standin o the e ied ocesscont ol ehavio thei
mental model o the system and thes eci cation o that ehavio m st e min
imi ed. his,int n,im lies that the e i ements e itten enti ely in te ms
o the com onents and state va ia leso the cont olled system. eci cally, i
vate va ia lesand oced es nctions elated only to the im lementation o
the e 1iementsandnot ato thea licatione e tsvie o the cont olled
system sho 1d not e sed. hat is, thes eci cation sho Id e lac o .

lac o model o ehavio e mits statements and o se vations to e
made only in te ms 0 o t ts and the in ts that stim late o ti e those
o t ts. he model does not incl de any in 0 mation a o t the inte nal desi n
o the com onent itsel , only its e te nally visi le ehavio . he ove all system

ehavio is desci ed y the com ined ehavio o the com onents, and the
system desi n is modeled in te ms o these com onent ehavio models and the
inte actions and inte aces amon the com onents.

hen the desc i tion o the e i ed cont olle ehavio incl des mo e than
stits lac o ehavio e. .,itincl dessot a edesi nin o mation ,then the
semantic distance et een the e ied ocess cont ol ehavio and the s ec
i ed cont olle ehavio inc eases and the elationshi et een them ecomes
moedi c It to validate ;vs. in i e . n act,i ade atelye cient
code can e ene ated om the e 1ementss eci cation di ectly, then an in
te nal desi n s eci cation may neve eneeded. de atelye cient m st e
dete mined o each s eci ca lications timin e 1iements. eae o in
on this code ene ation o lem

n addition, the e i ements evie ocess involves validatin the ela
tionshi et een chan es in the eal o1ld ocess and the s eci ed chan es
and es onse in the cont ol nction model. he eo e, evie a ility ill een
hanced i the e i ements s eci cation e licitly sho s this elationshi . e
disc ss this the in the ne t section.

lac o e 1iementss eci cationlan a es not only enhance eada ility

and evie a ility, tthey alsosim li ythet ansition om system e i ements

and system desi ntosot ae e 1iements. he a et eensystem desi nand

sot ae e iementsis e entlycitedasamao o lemino inte actions

ithind st y. e elievesomeo the o lem stems om the act thatsot ae

e 1iements o ten contain a lot o sot a e desi n decisions, hich ma es the
a et eenthet os eci cationsla e and mo e com le to ne otiate.
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e ie a iit increases as t e se antic distance et een t e users enta
ode o t edesired e a ior and t e speci cation 1 s. decreases.

lan a e is desi ned imaily o  ocess cont ol systems. heeoe e
attem t to minimi e the semantic distance ; y asin the s eci cation lan
a edesi n on ndamental ocess cont ol inci les. n ocess cont ol, the
oal is to maintain a a tic la elationshi o nction ove time et een
the in t to the system and the o t t om the system in the ace o
dist ances inthe ocess see i e . hissystem nction consistso the
nctional desc i tion and the set o const aints on the system .t any mo
ment, the eisa ni eset o elationshi s et eenin tsando t ts heey
eacho t tval e ill e elated tothe astand esentval eso thein tsand
time. hese elationshi s ill involve ndamental chemical, the mal, mechani
cal, ae odynamic, o othe la s asem odied ithin the nat e and const ction
o the system. he system is const cted om com onents hose inte action
im lements incl din , s ally, a cont olle o cont olle s hose nction is to
ens e that isco ectly achieved.
ty ical ocess cont ol system can e divided into o ty es o com o
nents the ocess, senso s, act ato s, and cont olle see i e

he ehavio o the is monito ed th o h
and cont olled y . he ocesscan e de
sci ed ythe ocess nction ,ama in om

hese devices a e sed to monito the act al ehavio o the ocess

y meas in the cont olled va ia les. o e am le, a the momete may

meas e thetem e at e o asolvent in a chemical ocess o a a omet ic
altimete may meas e altit de o an ai c at a ove sea level. he senso

nction ma s .

hese a e devices desi ned to mani late the ehavio o the o

cess,e. ., valvescont ollin the o o a ido a ilotchan in thedi ection

ands eedo anai cat. heact ato s hysically e ec te commands iss ed
y the cont olle in o de to chan e the mani lated va ia les. he nc
tionality o the act ato sis desc i ed y the act ato  nction ma in
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he is an analo o di ital device sed toim lement the
cont ol nction. he nctional ehavio o the cont olle is desci ed y
a cont ol nction ma in , he e denotes e te nal

command si nals. he ocess may chan e state not only th o h inte
nal conditions and th o h the mani lated va ia les, t also y dist

ances that a enots ect toad stment and cont ol y the cont olle .
he ene al cont ol o lemis to ad st the mani lated va ia les so as to
achieve the system oals des ite dist ances. is  ovided via the

cont olled va ia les in o de to monito the ehavio o the ocess. his
eed ac in o mation alon ith e te nal command si nals can e sed
asa o ndation o t e cont ol decisions as ell as an indicato o  hethe
the chan esin the ocess initiated y the cont olle have een achieved.

0 eason a o t thisty e o  ocess cont olled system, Pa nas and Madey

de ned hat they call the o va ia le model . his model is essentially an
a st action o a t o thet aditional eed ac ocess cont ol model esented
he e. he a oach to modelin sed in Pa nas a les and R , ae

ased on this 0o va ia le model and, th s, ilt on this same classic ocess
cont, ol model.
he model esented in this section is an a st action es onsi ility o im
lementin the cont ol nction may act ally edist i ted amon seve al com
onents incl din analo devices, di ital com te s, and h mans. the mo e,
the cont olle may have only a tial cont ol ove the ocess state chan esin
the ocess may occ d e to inte nal conditions in the ocess o eca se o
e te nal dist ances o the act ato smaynot e omase ected. o e am
le, the ilot in a system may not ollo the esol tion adviso y esca e
mane ve iss ed y the cont olle .



he ose 0 a cont ol system e iementss eci cation is to de ne the

system oals and const aints, the nction ie,the e ied lac o e
havio o the cont olle , and the ass m tions a o t the othe com onents o
the ocess cont ol loo that the im lemento s need to no in o de to

im lement the cont ol nction co ectly and the system en inee s and ana
lysts need to no in o de to validate the model a ainst the system oals and
const aints.

lac o, ehavio als eci cation o s ch a system nction ses only

thec ent ocessstateine ed om meas ements o the cont olled va i
a les,

ast ocess states that e e meas ed andine ed,

ast co ective actionso t t om the cont olle , and

ediction o t e states o the cont olled ocess

to ene ate the co ective actions o ¢ ento t ts needed to maintain

1l o this in 0 mation can e em edded in a state machine model o the
cont olled ocess,and es eciythe lac o ehavio o the cont olle i.e.,
the nction to ecom ted y the cont olle sin s ch a state machine
model. n ec RM RL models, theo t tso the cont olle a es eci ed ith
es ect to state chan esin the model asin o mationis eceiveda o tthec ent
state o the cont olled ocess via the cont olled va ia les . n the
e am le, the cont ol nctioniss eci ed sin amodel o the state o all othe
ai c at ithinthe host ai c atsais ace,the state o theon oa dcom onents
0 itso naicat e. . altimete s, ai ¢ at disc etes!, coc it dis lays , and the
stateo o nd ased ada stations in the vicinity. n o mation a o t this state
is eceived om the senso s e. ., antennas and t ans onde s and commands
a e sent to the act ato s e. ., the ilot and t ans onde s .

he state machine model o the cont ol nction m st e ite atively ne
t nedd in e 1iementsdevelo ment to mimic the ¢ ent nde standin o
the eal old ocess and the e 1ied cont olle ehavio. he state machine
is essentially an a st action o the ehavio o the system nction eca se it
models all the elevant as ects o the com onents o the ocess cont ol loo .
E o sin the state machine model e esent mismatches et een this model and
the desi ed ehavio o the cont ol loo ,incl din the ocess.

Itho h R ML allo s lac o ehavio s eci cations, the lan a e itsel
does not enco a eo eno ce them. e o nd eo le tend to incl de desi n
in the s eci cation hen sin ene al state machine modelin lan a ess ch
as R ML o tatecha ts. ec RM RL, the eo e, as not desi ned to e a

ene al modelin lan a e, t athe s eci cally desi ned to c eate lac o

! Aircra t discretes are air ra e speci ¢ ¢ aracteristics pro ided as input to A
ro ard ares itc es.



e 1iementss eci cationstode neanin t ot t ocess cont ol nction,
asisalsot eo R and Pa nas a les. Gene al modelin eat es not needed
o lac o s eci cations a e not incl dedin ec RM RL, and ne a st ac
tions s ch as modes a e incl ded that assist in lac o modelin o cont ol
system com onents. h s, ec RM RL is not st anothe va iant o tat
echa ts altho h the e a e some s e cial simila ities. Li e R and Pa nas

ales, ec RMRLenocesthes eci cationo anin t ot t ocess con
t ol nction. tatecha ts allo sm ch mo e ene al models to e ilt.

node toma eo lan a e omaleno hto eanaly a le and yet ead
a le and evie a le y non mathematicians , e have de ned a o mal model
R Mo Re iements tate Machine that nde lies a mo e eada le s eci
cation lan a eo lan aes. he R Mis a eneal ehavio al model o the
e iedcont ol nction ith the com onents o the state machine ma ed to
thea o iate com onents o the cont ol loo . his model has een lished
evio sly ,and edonot ee toit the inthis a e. e note only that
the nde lyin model is a Mealy a tomaton, as is the model o R, Pa nas
a les, tatecha ts, and most othe lan a es ased on state machines.

he hi he level s eci cationlan a e ased on this nde lyin model m st

allo the modele to s eciy the e ied ocesscont ol nction .1 e

sho s a mo e detailed vie o the com onents o the cont ol loo , incl din
distin ishin et een h man and a tomated cont olle s.

ll cont olsot a e and any cont olle in ene al ses an inte nal model o
the ene al ehavio and ¢ ent state o the ocess that it is cont ollin . his
inte nal model may an e omave ysim lemodelincl din onlya e vaia les
to am ch moe com le model ith ala en m e o state vaia les and
t ansitions. he model may e em edded in the cont ol lo ic o an a tomated
cont olle o in the mental model maintained y a h man cont olle . tis sed
to dete mine hat cont ol actions a e needed. he model is dated and e t
consistent ith the act al system stateth o hvaio s o mso eed ac .

he desi n o ec RMRLisin enced y o desieto e om saety
analysis on the models. hen the cont olle s model o the system dive es om
the act al system state, e oneo s cont ol commands ased on the inco ect
model can lead to an accident o e am le, the sot a e does not no that
the lane is on the o nd and aises the landin ea o it does not identi y an
o ectas iendly and shoots a missile at it. he sit ation ecomes mo e com li
cated hen the ea em 1ti le cont olle s othh man and a tomated eca se
thei inte nal system models m st also e e t consistent. n addition, h man
cont olle s inte actin  ith a tomated cont olle s m st also have a model o the
a tomated cont olle s ehavio in o de to monito o s e vise the a tomation
as ell as the cont olled system itsel .

ne eason the models may dive e is that in o mation a o t the ocess

state has to eine ed om meas ements. o e am le, in , elative
an e ositionso othe aicataecom ted asedon o ndti messa e o
a ation time. heo etically, the nction can e de ned sin only thet e

val es o the cont olled va ia les o com onent states e. ., t eaicat o
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ffffffffff (Controller(s)) (<------

Internal mode
of process

Internal mode
of automation

A asic contro oop. A ac o re uire ents speci cation captures t e con
tro er s interna ode o t e process. Accidents occur en t e interna  ode does
not accurate re ectt e state o t e contro ed process.



sitions . Ho eve , at any time, the cont olle has only meas ed val es o the
com onent states hich may es ecttotimela so meas ementinacc a
cies , and the cont olle m st se these meas ed val estoine thet e con
ditions in the ocess and ossi lytoo t t co ective actions to maintain
n the e am le, senso s incl de on oa d devices s ch as altimete s
that ovide meas ed altit de not necessa ily t e altit de and antennas o
comm nicatin  ith othe aicat. he imay act ato is the ilot,
ho may o may not es ond to system adviso ies. Pilot es onse delays a e
im o tant time la s that m st e conside ed in desi nin the cont ol nction.
ime la s in the cont olled ocess the aicattaectoy may eca sed y
ai cat e o mance limitations.

he a tomated cont olle also has a model o its inte ace to the h man
cont olle so itss e viso s. hisinte ace, hich contains the cont ols, dis
lays, ala m ann nciato s, etc.isim o tant eca seit is the means y hich the
t o cont olle s models a e synch oni ed. Each o these com onents is incl ded
e licitlyino modelsand modelin lan a e. e e esentthecont olled o
cess and s e viso y inte ace models sin state machines and de ne e 1ied
ehavio in te ms o t ansitions in this machine. he cont olle o t ts com
mands to the act ato s aes eci ed ith es ect to state chan es in the model
as in o mation is eceived a o t the ¢ ent state o the cont olled ocess via
cont olled va ia les ead y senso s.

Automated Controller Model

Operating Modes

Supervisory Interface

Supervisory modes
Controls
Displays

Controlled Process Model

Process Operating Modes
State Variables

Process Interface Variables (measured
and manipulated variables)

A pec M ode ast ree parts.



hsa e RMRLs eci cation o cont ol sot a eis com osed o th ee
inte elated models i e as eci cation o the o e atin modes o the
cont olle , as eci cation o the cont olle ssvie o itss e viso yinte ace
the com onent 0 com onents, incl din h man o e ato s, that a e cont ollin
it , and a model o the cont olled ocess.

En inee s oten se modes in desci in e ied system nctionality. Mode
con sionalsois e entlyim licated in the analysiso o e ato e o sthatlead
to accidents. e have incl dedin ec RM RL the a ility to desc i e ehavio
in te ms o modes oth to ed ce semantic distance and enhance evie a ility
and to allo o analysiso va io sty eso mode elatede os
mode can e de ned as a m t ally e cl sive set o system ehavio s.
o e am le, the ollo in ta le sho s the ossi le t ansitions et een states
in a sim le state machine iven t o system modes sta t mode and no mal
o e ation mode.

1
tartup ode 1
or a ode 1 1
A si pestate ac ine it t o odes de ned usin a standard state
transition ta e. e states in t e ac ine isted at t e top o t e ta e are 1
t rou iet e conditions under ic t e transition is ade are isted on t e

et e. . startup odeandnor a ode. otet attransitions a dependon ore
conditions t an si p t e current processin  ode.

hestat andno mal ocessin modes in this machine dete mine ho the
machine ill ehave ove the enti e set o state t ansitions. o e am le,i the
conditionsocc thatti e at ansition om state ,the machine illt anse
to state i itisinstat mode o to state ;i it is in no mal ocessin
mode. Note that modes a e sim ly states that lay a a tic la ole in the
state machine ehavio i.e.,cont olase enceo seto statet ansitions . hat
is, they a e a convenient a st action o desci in and nde standin com le
system ehavio , ttheydonotaddany o e tothe state machine desc i tion.
n ene al, state t ansitions may et i e ed y events, conditions, o sim ly
the assa eo time. hec ento e atin mode dete mines ho theseti es
ill e inte eted and hat t ansitions ill e ta en. Note that the e is no
eal di e ence et een a state and a mode y this de nition. ny conditions o
states co 1d e la elled a mode hich indeed is done in some s eci cation
lan a es, altho h this is not ve y hel 1| and is not the ay en inee s se
the te m mode .
Mode n ai ¢ at and othe com le systems oten have ala en m e o
o e atin modes and ossi le com inations o o e atin modes. n the modelin
and analysis o cont ol systems, e nd it se 1 to distin ish et een th ee
di e ent ty es o modes



dete mine ho o  hat is cont ollin the com onent at
any time. ont ol loo s may e o ani ed hie a chically, ith m Iti le con
t olle s 0 com onents, each ein cont olled y the laye a ove and con
t ollin the laye elo . n addition, each com onent may have m lti le
contolles s evisos. o e am le,a i ht cont ol com te in an ai
catmay etin ts om the i ht mana ement com te o diectly om
the ilot. Re ied ehavio may e di eent de endin on hats e vi
so y mode is ¢ ently in e ect. Mode a a enesse o s elated to con sion
in coo dination et eenthem lti les e viso so acont ol com onent can

e de ned in te ms o theses e viso y modes.
cont ol the ehavio o the cont ol com onent

itsel . hey may e sed to cont ol the inte etation o the com onent s
inte aces o to desci ethe com onents e ied ocesscont ol ehavio .

o in cont ol theo y te minolo y
s eciy sets o elated ehavio s o the cont olled system and a e sed to
indicate its o e ational state. o e am le, an ai c at may e in ta eo ,
clim , level i ht, descent, o landin mode.

he seo modes does not violate the lac o nat eo ec RM RL they
e esent e te nally visi le ehavio e 1ied nctionality o the com onent
and not the inte nal desi n o the sot a e to achieve that nctionality. o
e am le, hich can e o) in the i ht man
a ement system e am le sho nin i e indicates hethe theaicat il
a tomatically level o hen a ilot s eci ed altit de const aint is eached. he
ilot is es onsi le o settin the altit de const aint and s ally o di ectly
o indi ectly selectin ca t e mode.
s stated ea lie ;a2 ec RM RL s eci cation has th ee inte elated models.
heto o o 1 e sho sthe a hical ato ane am les eci cation o
a i ht mana ement system. he system has seven modes o o e ation, all o
hich have only one val e at any one time. he o essho n nde each mode
la el e esents the disc ete val es o that mode, e. ., itch can e in
,0 mode. he line at the
let o the choices sim ly o s the choices nde the va ia le and indicates
that only one may e active at any time and does not e esent state t ansitions
as it did in R ML .
second ato a ec RM RL modelisas eci cation o the com onent s
vie o itss e viso yinte ace. hes e viso yinte ace consists o a model o
theo e ato cont olsand dis layso othe meanso comm nication y hich the
com onent elaysin o mation to the s e viso . Note that the inte ace models
a e sim ly the vie that the com onent has o the inte aces the eal state o
the inte ace may e inconsistent ith the ass med state d e to va io s ty es
o0 desin a so ail es. 0 e am le,a i htcontolcom te inanaicat
may etin ts om the i ht mana ement com te o diectly om the ilot.
Re ied ehavio may e di eent de endin on hat s e visoy mode is
¢ entlyine ect. yse a atin the ass med inte ace om the eal inte ace,
e a e a le to model and analy e the e ects 0 vaio sty eso e os and
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ail es e. ., comm nication e oso dis lay had ae ail es. n addition,
se a atin the hysical desi n o the inte ace om thelo icaldesi n e 1ied
content ill acilitate chan es and allo  a allel develo ment o the sot a e
and the inte ace desi n.

hethid ato a ec RM RL model is the com onent s model o the
cont olled system lant . he desci tion o a sim le com onent may incl de
only a e elevant state va ia les. the cont olled ocess o com onent is
com le , the model o the cont olled ocess may itsel e e esented in te ms
0 its o e ational modes and the states o its s com onents. n a hie a chical
cont ol system, the cont olled ocess may itsel e a cont olle o anothe o
cess. o e am le, the i ht mana ement system may e cont olled y a ilot
and may itsel iss e commands to a i ht cont ol com te, hich iss es com
mands to an en ine cont olle . , d in the desi n ocess, com onents that
al eady e ist a e sed, then those 1 in com onent models co 1d e inse ted
into the ec RM RL ocess model.

the ec RM RL model is 0 a non cont ol com onent e. ., a ada data

ocesso ,the emi ht not eas e visoyinte ace. hee illstill eo e

atin modes, ho eve ,and amodel o the e iedin tot t nctionto e
com ted y the com onent.

he lan a e itsel consists o a a hical model o the state machine, o t

t messa e s eci cations, state va ia le de nitions, 0 e ato inte ace va ia le

de nitions, state t ansition s eci cations, mac os, and nctions.

he ec RM RL notation is d iven y the se
o thelan a etode nea nction omo t tstoin ts. ec RM RL hasa
eatly sim li ed a hical e esentation com a edto R ML o tatecha ts,
hich is made ossi le eca se e eliminated the ty es o state machine com
le ity necessa ily o s eciyin com onent desi n t not necessa y tos eciy
thein t ot t nctioncom tedin a e lac o e 1iementss eci ca
tion. he a chitect e o the state t ansitions ecomes so sim le that e o nd
no need to e esent it in the a hical state machine the t ansitions sim ly
e esent the chan es et een state va ia le val es.
tate val esins ae o es e esent . ne edval esae
not in t diectly t e esent the as ects o the ocess state model that
m st eine ed om meas ements o0 monito ed ocess vaia les. ne ed
ocess states a e sed to cont ol the com tation o the cont ol nction. hey
a e necessa ily disc ete in val €%, and th s can e e esented as a nite state
va ia le. n actice, s ch state va ia les almost al ays have only a e elevant
val es e. ., altit de elo eet, altit de et een eet and eet,
altit de a ove eet . tate val es denoted as ci cles o ovals e esent
diectin tando t tval es cont olled o monito ed va ia les .

I t e arenot discrete t ent e arenotusedint econtro o t e unctionco puta
tion utint eco putationitse and cansi p e represented in t e speci cation
arit etic e pressions in o in input aria es.



hes e viso yinte acemodelsho sthes e viso ymode, hich desci es
ho this com te is ein s evised,e. ., y ah man, com te, o oth
i e . talsosho s the state o the cont ols and the dis lays incl din
o al ann nciations, etc. .

SUPERVISORY INTERFACE

SUPERVISORY

Autothrottle  Alt Hold Vert. Speed .
AP Button Button Button Button IAS Button ~ Vert. Spd.  Altitude
CONTROLS I 1 I 1 I 1 I 1 I 1 Wheel Dial
| on [ off | [on][off | [on][off | [ on] off | | on] off | O O
Thrust
DISPLAYS

a peo pec M ode o t e super isor odes

Eve ythin stats omo t tsin ec RM

RL. ystatin omtheo t ts eci cation, the s eci cation eade can de
te mine hatin tsti e thato t tandthe elationshi et eenthein ts
and o t ts. R ML did not e licitly sho this elationshi altho hitco Id
e dete mined, ith some e ot, y e aminin the s eci cation . sim li ed
e am leissho nin i e .Mo eino mationisact ally e ied yo com
leteness c ite ia than is sho n in the e am le, o instance, s eci cation o

timin ass m tions elated to the messa e.

he conditions nde hichanot tisti eed sent issim lya edi

cate lo ic statement ove the va io s states, va ia les, and modes in the s eci
cation. D in the o ect, e discove ed that the t i e in conditions
e iedtoacc atelycat ethe e 1iements eeotene temelycom le .
he o ositional lo ic notation t aditionally sed to de ne these conditions
did not scale ell to com le e essions and ic ly ecame n eada le and
e o one. oovecomethis o lem, edecidedto seata la e esen
tation o dis nctive no mal o m DN that e call ta les. e have
maintained this s ccess 1notationin ec RM RL. he a let col mn o the
ta le lists the lo ical h ases. Each o the othe col mnsis a con nc



tion o those h ases and contains the lo ical val es o the e essions. one
o the col mnsist e, then the ta le eval atestot e. col mn eval ates to
t ei all o its elements match the t th val es o the associated edicates.
dot denotes dont ca e.

Output Message

Resolution Advisory

TRIGGERING CONDITION
Composite-RA ,4.in state RA
Traffic-Display-Statug, ,4in state Waiting-To-Send

MESSAGE CONTENTS
FIELD VALUE
Bits 11-17 | Own-Goal-Altitude-Ratg,,
Bits 18-20 | Combined-Contrgl,,,
Bits 21-23 | Vertical-Contro| ,,,
Bits 24-26 | Climb-RA, ,,

Bits 27-29 | Descent-RA,, ..

a peo pec M output essa e speci cation

hes seci tsinthes eci cation e esent hethe the val eisavaia le
v o0 a state s. he othe alte natives, mac os m and nctions ae
desc i ed late in this a e. hen m e attachedtothes sci tisthe a e
on hich the va ia le, state, mac 0, 0  nction is de ned.

tate va ia le val es come om in ts o they
may ecom ted oms chin tval eso ine ed om othe state va ia le
val es. i e sho sa atiale am le o a state va ia le desc i tion.  ain,
o desi e to eno ce com leteness e i es that state va ia le de nitions in
cl des chin o mation as a ival ates,e ce tional condition handlin , data a e
e iements, eed ac in o mation, etc. not sho n he e.

ec RM RL e 1 es all state va ia les that desc i e the ocess state to

incl de an val e. hisval eisthedea lt val e onstat o on
s eci ¢ mode t ansitions o e am le, ate tem o ay sh tdo n o the com
te . his eat eis sed to ens e consistency et een the com te model

o the ocess state and the eal ocess state y o cin esynch oni ation o
the model ith the o tside o ldate an inte tiono  ocessin . Many acci
dents have een ca sed ytheass m tion that the ocess state doesnot chan e



State

L oflae |
Supervisory-Interface

> Pilot-Displays
> Resolution-Advisory

s Vertical-Control

DEFINITION

= Blank

INITIALLY

= Other

Some RA-Strength ., in state Increase-2500fpm
Some Reversal,, in state Reversed
Composite-RA ., in state Climb
Composite-RA ., in state Descend
Corrective-Climb ., in state Yes
Corrective-Descend,, in state Yes
Crossing-Geometfy,q,

= Increase

Some RA-Strength ., in state Increase-2500fpm
Climb-Inhibit_,,, in mode Inhibited
Descend-Inhibjt,,. in mode Inhibited

=Crossing
Some Reversal,g, in state Reversed
Composite-RA . in state Climb

Composite-RA ., in state Descend

Some RA-Strength ,, in state Increase-2500fpm

Corrective-Climp ., in state Yes

Corrective-Descend,, in state Yes

Crossing-Geometfy,qo

282

= Maintain
Composite-RA ., in state Climb
Some RA-Strength ,, in state Increase-2500fpm
Composite-RA ., in state Descend
Corrective-Climi ., in state Yes
Corrective-Descend,, in state Yes

= Reversal
Some Reversal,g, in state Reversed
Composite-RA . in state Climb
Composite-RA ., in state Descend
Corrective-Climp ., in state Yes

Corrective-Descend,, in state Yes

a peo pec M state aria e speci cation




hile the com te is not ocessin in tso yinco ect ass m tionsa o t
the initial val e o state va ia les.
n no nis sed o state vaia lesin thes e viso y inte ace model only
i the state o the dis lay can chan e inde endently o thesot ae. the ise,
s ch vaia lesm st s eciy an initial val e e. ., lan , e o, etc. that sho ld
e sent hen the com te is esta ted.
n the e am le sho n, is a state va ia lein the s e visoy
inte ace model and is one o the ieces o in o mation dis layed to the ilot as
ato anR Resol tion dvisoy, hich is the esca e mane ve the ilot is
to im lement to avoid theint de ai c at . e tical cont ol can have the val es
, 0 . ta lesa e
sed tos eciy hich o these val esis dis layed to the ilot iventhec ent
state o the ai ¢ a t model and theint de ai cat ein avoided. o e am le,
is dis layed i the om osite R state va ia le is in state lim

the eisno Rt en thin state nc ease m ,and o ective lim and
o ective Descend a e oth not in state yes Maintain is dis layed i the e
isnoR t en thin state nc ease m, om osite R isin state Descend,

and a ain oth o ective lim and o ective Descend a e not in state yes.
imin const aints may also e s eci ed as conditions in the ta les i.e., condi
tions on the state t ansitions taenot e 1iedinthise am le.

s ith all state machine models, t ansitions
intheth ee atso a ec RM RL model ae ove ned ye te nal events and
the ¢ ent state o the modeled system. n ec RM RL, the conditions nde

hich t ansitions a eta ena es eci ed se a ately om the a hical de iction
o the state machine. e have o nd that the ehavio o eal systems is too
com le to iteonaline et eent o o es. nstead, e a ain se
ta les. i e sho sane am les eci cation o at ansition.

Mac os a e sim ly named ieces o ND R ta
les that can e ee enced om ithin anothe ta le. o e am le, the mac o
in 1 e is sed in the de nition o the va ia le e tical ont ol in i
e . hemacos, o the most at,co es ond to ty ical a st actions sed
y a lication e e tsin desci in the e i ements and the e o e add to the
nde standa ility o the s eci cation. n addition, the a st action is necessa y
to handle the com le ity o a din conditions in la e systems and e o nd
this a convenient a st action to allo hie a chical evie and nde standin o
the s eci cation. Iso, athe than incl din com le mathematical nctions
di ectly in the t ansition ta les, nctionsa es eci ed se a ately and e e enced
in the ta les. o instance, n aced ltin i e isa nction ee ence.
hemac osand nction, as ell asthe conce to a allel state machines, not
only hel st ct eamodel o eada ility they alsohel so ani emodelsto
ena le . onditions commonly sed in the a lication domain
can e ca t ed in mac os and common nctions, s ch as t ac in , can e
cat edin e sa le nctions. n addition, the a allel state machines allo



Mode

L Mode |
Own-Aircraft-Operating-Modes

= | Climb
Inhibit

Inhibited Not Unknown
Inhibited

DEFINITION

INITIALLY — Unknown

Unknown, Not-Inhibited —>Inhibited

Composite-RA . in state No-RA [T]
Altitude-Climb-Inhibit _,., = True TI|
Own-Tracked-Alt,,, > Aircraft-Altitude-Limit .o | | T

Config-Climb-Inhibit_,., = True LT

Unknown, Inhibited —>Not-Inhibited

Composite-RA . in state No-RA T[T
Altitude-Climb-Inhibit,_,.; = True 'F|

Own-Tracked-Alt,,, > Aircraft-Altitude-Limit, o | | *
Config-Climb-Inhibit_,., = True F

F
F

a peo pec M ode or state transition speci cation



the inte nal model o each system com onent disc ssed in ection and the
di e ent system modes to eca t ed as se a ate and a allel state machines.

his hel s to accommodate e se o inte nal models and o e ational modes, and
hel s s lan o od ct amilies esea ch oal intheint od ction . Nat ally,
to accom lish e se, ca e has to e ta en hen c eatin the o i inal model to
dete mine hat a tsa eli ely tochan e and to mod la i e these a ts so that
s stit tions can e easily made. hisst c¢t in ,ho eve ,is eyond thesco e
o thec ent ae.

™ Macro |
Macro

Crossing-Geometry

DEFINITION

Some Crossing ,, in state Int-Cross -
Some Crossing ,, in state Own-Cross .













