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Al)stract

Corrwtrlcws is  alI ittllmrtallt issue  in s a f e t y - c r i t i c a l  soft~varc  cc)lltrol  systmns. Unfortutlately,
f a i l u r e s  ill c r i t i ca l  Segttlcnts of sof(}varc for ]Ildical cquil)loclltl cc)IlltIllltlicatiorls, and drfensc are

fatlliliar to tllc ~)ul,lic. SuclI  itlcidcllts Itlotivatetlie US( of soft\vare devclol~IIlcnt tcchtliqucs that rwlucc

errors and d e t e c t  clcfects.  ‘1’llr Ix’tlcfits of a~~t)lyilig  fc]rt[tal Illetllods ill reclllircl t]rl)ts-clriv(’11  soft)vare

dr7vr7101)IncIIt (fc)rjvard cnginwrin,  g) arc ~vt’11-(lc)c(lttlctltecl;  forttla] Ilotatiolls are  }Jrecise, verifial)lc, allcl
f a c i l i t a t e  aotolt]atd l,rocmsitlg. ‘J’tlis I,a})cr dcsrril)cs tile al)l)licatiol] of for[na[ Iilctllods and ol,jcct-

orictitd Inodcli]]g to  MIJCmt  cngincfril~gj irt }Yllicll forinal sl~wificatiolls a r e  devclol)d f o r  cxistitlg,

or l[gacy, code. Iti  ttlis ~)rc)jcct,  several layers of fortlial sl)ccificat ions \vcrc  coilstructr(l  for a I)ort iot~

o f  tllc hTASA Sl)acc  SIluttlc l)igita] A u t o  }’ilot (I) AI’), a scrft~rare  II~od IIle tl]at is IIWXI to c o n t r o l

tllc l)osition o f  tlic s~)acccraft  tllroogll aljl)rol~riatc j e t  firitlgs. ‘1’lIc rcvcrw  en.gillcx-rit[g  I)rc)ccss  \vas

f a c i l i t a t e  t)y tllc Ol)j(cl  Jllodcling Ytchniquf  (Oh’1’l’),  all it)forlllal soft}varc devclo])lllctlt a[)[)roacl[

tl]at mes gra])l]ical l)otatio[ls to dcscril)c  softlvare r(’cl~lir( l l l( ’ t i ts.

1 Introduction

(orrectlless is nccmsary in sa fe ty -c r i t i ca l  softwrarc  colItwJl  systclns  [1]. (~ritical  soft~varc’  fai lures  iu

IIlc(iical  rxluiplncnt, colllll~~lllic:~tioll nctivorks,  alId defellsc  systcllls arc falniliar to tile p u b l i c .  ‘J’lIfI large

Iilllllbcr of s o f t w a r e  ]oalfutlctio~ls r e g u l a r l y  rcl)ortd to tllc s o f t w a r e  cligillccrillg collllnullity [2], IIc\v

s t a t u t e s  collcernitlg l iabil i ty fc)r sucl I f a i l u r e s , aIId a ICJCCIIt h’atio]lal Rcwarch Coullci]  A e r o n a u t i c s  and

Space  l;llginming hoard l{e~)ort [3], additiollallj’ IIlotivatc tlIc  use of software  developlnel~t  teclllliqucs

that reduce fIrrors  slid detect de fec t s .

IIwring)  arc ~vell-(loc~lll~el~tc~(l [4]. A forlnal IIietllod  is cllaractcrimd I)y a for]l~al  specif icat ion lallguagc

atld  a set  of rules that gowrlI  tllc Inallipulation  of cx~)rcssiolis  ill that ]anguage.

—.
“I’llc!  vorkclcscrit)ccl  in thispapcr  was  carrid  OIIt  at the  Jet })ro~]ulsioll  l a b o r a t o r y ,  CaliforlLia lllstit ~lteofrl$ccllllology,

atlcl  \vas  s}mmorcd  by the Natio]lal  Aercrllautim  aIId  Sl)acc  ~lcltllillistrzitic)ll.  Additionally,  the  authors’ work 011 this project

w a s  sal]ilortcd l~y h’ASA/ASF,lJ  Sulnmcr  Faculty  fcllowhi~)s.  A  ])rclit[lillary  vcr+ion  o f  t h i s  pa~wr  \vas  l)rcselltccl  a t  the
N A S A / G o d d a r d  %ftwarw  I)llgi[lccrillg  J$’orkshol,, (;rcc]l})clt,  hlarylalld,  lkcemk,er,  1993.

t’~lLis  ~llt]lor  i s  also  s[ll)l)ortc[l  ill ~)art I)y NSIJgratlt  (~(;  l{-9209873 and  C~(~K9407318.

lr]]lis  allt],or  ~ratcf(llly  ac~llo\vIccIgcs t}lc Software  }I;]lgil,ccrillg,  Irlstitutc  a t  [~ar]lcgie  hTcllo]l  U1~ivcr>ity f o r  su[,]mrl  a=

a  \Jisitillg  Scie[ltist,  S],ril~g 1994.



OIIc \vaytotakc> aclvaIltagc’ cJftllc’ IJcllefits  of forltlal IIletllodsitl le~acy  systclllsis tc)lcvc’lscellgillccl

tlIc  existing lJrwgcaIII cc)cle illtoforlllal slJecificatic)Ils  [ . 5 ,  6]. ‘1’IIc  wsultillg forllidl  spccificatio]ls can  then

be used as the basis for  change requests aIId tlIc  fourldatioIl for sul)scqucnt verificatioIl and validation [7].

(~ol~~liloll rc~verse  el~gillccIillgI  tletlloclsc  (lirclltlyllse(l  l)ys()ft\v;ilcI  llai[lt['llarIcec  llgiIicelsar  col~seIvatioIl

(for  exalllple, test case arlalysis) and exa]rlillatiol] of source co(le. ‘1’lrme tccllniqucs are often t ed ious

arid cIror-I)ronc. Corlsideriag  tlIc high cost of Ic>-irlll)l[’rllc’llt: ~tic)ll and tile need  to prmcrve c r i t i c a l

furlctiorlality, reverse Cagirlecriilg  of code illtoforrl]al specifications offers  an altmllative to traditional

ad hoc approaches to Inailltairlillg safety-critical systetr)s.

A highly visible example of a legacy systcll~ is tlIe  softtvarefor  tile NASA Space SIIuttle, ~vllicll \vas

c o n c e i v e d  in tllc early 1970s and IIas bee]l ol)eratiollal for over  terl years. one componer[t of the Shuttle

soft w’ace i s  tllc flight  softivaw t?lat ])mvides  guidarlce,  lla~’igation, and control for the Space Shutt le

Jvllilc i t  is  ill orbit.  ‘1’llc ILavigatioll  furlctioll detcrlrlirles wlIeIc  tllc s h u t t l e  is, the guidance functiol]

deterlrlincs wlIem  it slloulcl go IIext, and tile colitrw] furlctiorl  dctecIllilles }Lmo  t o  irnl)lclnent the IIext

lrlovc.

Pmclltly,

IIIeIIt S evalua

arc co]lsistcll

IIc Space Shutt le  f l ight  sc)fti$al[)})rc)ject  has a ~vell-dcfirld  pIoccss for marlaging lequirw

ion.  ‘1’llis  J)rocws  i s  wslwlisit~lc  foccristlcirtg tltat rw]uirx~ltlcltts gelleratd by all ellgillwr

? iril})leltlelltal~le,  and w i l l  solve  tile l)rwl)lerlk  a t  IIarld. IIolvcver, this ])rc)cess dots not

irlclude  a  w e l l - d c f i r l d  set  of arialytical Irlctllods and teclltliques [7 ,  8] .  LYIIcn a challgc is nwdd, a

detaild dcscri~)tion  oftlle wasonsfortllc  change,  hrloivll as a c/Idr/fyt rcqLIcst(C:l{),IIIIIsl  be corlstructd

I)cforctlic’syst(’rll call l~clc-[’ligirl{’crc’(1  tc)irlcludc tliccllall~es. Next, tile requiwmcrlts arialyst l)erforms

aII ill-d cptl)  arialysis of tllc (;1{, guided l)y a list of gcrleric  error categories, followed hy an inspcctiol) of

tile (’R by several wpresentatives of tllc sc)fttvale?)rc)jt’et, irlcludillg  tllc author of tile CR, rquiwmerlts

analyst, developer,  verifier, arid so orl. Whcrl  all iuspwtiorls  liaw hecn  conducted fol a CR and all

issum (potcrltial elrom) have beer~ resell’ed, a Cl{ is wady for irll~)lelllelltatioll. At t]lispoirlt, ahaselirie

fc)rtlic’l  )rc)jcct,  alllilcstc)liet hat descril)cw tllecucw[lt systeri]  \vitll  tllcacccptd  clialigcs, is created and

scllduled for  illll)lelrlelltatioll.

~’llcarlalysis step of the C R  l)lc)cc’ssi rlvollrf’ss  tllclyirlg, (lrlclc~lst:lll(lil~g, and analyzil]g theco]ltentsof

a (~1{. ‘J’lIIw major ddiciellcies ill this l)Iocws liavc I)Q(III  iderltifid hy mquirem~llts  analysts  [8] .  I’irxt,

there is no specif ic  methodology for corlductirlg tlrc a[lalysis of the Cl{.  Second, there are IIC) specif ic

colnl)lctioll criteria to illdicatc Yvllcrl suflicierlt  itlfocl[latioll lIas hccrl ob t a ined  for tlie (:1{. ‘J’bird ,  there

is nc) specific structural lllecllallislll for docurrlclltiilg (lIC results of tllc analysis process. Lloreover, sillcc

the re  is IIO s t ructured approac]l for doculriel)tillg tllc iilla]ysis, tile ullderstariding  c)ftlle (~1{ devclo~)cd

I)y tllc Iequireme]lts analyst is ]Iot forrrlally  Iccordd  for’ future u se .
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‘J’llis lJa}JeI dcscrit~es  a l)mjcct that a])l)lics for]llal  lIIctl  Iods afId c)l)jcct-c)lielitt’{1 allalysi~  t o  a subsys-

t[~]t) of tltc I) AI’ of tllc SIIuttlC,  kIIO\VII  as tlIe  Phase  F’lane.  ‘1’llis IIIOCIUIC  dcterlnilies wlletlier jet firings

are nfxdcd to achieve and lIold alI attitude (])ositioll  relative to a s]) fxific fralile of Iefcwllce) sl)ecifid

l)y the cIe\v.  ‘l)lICI o})jective  of  this  l)roject is to l)rovidc  forlnal s}jecificatiolls  of tile mluiwI[lcnts and

f(llictioIlality of tltesysteltttIiat can  heused  to facilitate autoltlatdv  elificatio]l and Valiclatiollofflltllle

challgm and to facilitate ]e-ellgillwlillg tasks. ‘J’llis })Ic)jcct exl)lod  tllc usc of forltlal spec i f i ca t ions

t o  derive rcquicelncnts tha t  ale IIIOrC detailed alId ~)mcisc  tllall all l;nglish paragraph,  and l e s s  obscure

t hall  optimized soucce  code.  We dcvelo~)cd scvccal  lay(frs of fortrlal  sl~mifications  that ca~)tum  t IIe details

of the quimluents  of the Phase llane II IodulQ. 111 odcc to facilitate the constructiol~ of tlIe  layers

of specifications, we collst]uctcd  a  p i c t o r i a l  dmccil)tioll of  tile sul)systetn using the CMj(ct fllodclillg

?tchlliqu( (011’11)  [9] ,  an illforlllal softwaw dcvclol)lncilt apprc)actl  that  uses  g r a p h i c a l  IIotations t o

describe soft~vam  rc’(lllilc~ltlellts.

‘1’he Ielnaillder of the pal)er is  organimd a s  follo~vs. Scctioll 2 dcsclibm tllc l’hasc I ’ l ane  p ro j ec t ,

inclu(lillg  sample spccificatio]ls and a discussic)Il  of tllc {ll~jc(t-c)li~’litccl ana lys i s .  %ctioll 3 c o n t a i n s  a

su]rllllary of tlte ]) YOCCSS  that lvc used to reverse (Jll,gillwr  tllc l)lIaSC  l)lalle sul)systcm.  ‘J’llis scctioll a l s o

includes lcssoIIs  learned fcolu t h i s  l)mject alId tllc hell(’fits  and tllc lilllitatiolls of our appcoach.  l’inally,

collclllslio!ls aIId future illvestigatiolis ace descIil)ed ill %ctioll .1.

2 Project Description

]Iuc to the cri t ical i ty aIId the volu TIIc’ of flight systelll softlvaw, mccnt flight system projects  am

illcorpol”ating forlllal lnct]lods into t}ic softwacc dcvcloI)IIIc’lIt  l)mcess [ 1 ,  4 ] .  III c)Ider to  apply forIllal

IIlctllocls  to legacy flight soft\vaw, ]lc)\\’c’\c],]c  \c]st’e]lgi  tlc’critig is IIded. ‘J’]le Phase_Plane project is

a s s o c i a t e d  \vitll  a larger Inulti-NASA si te  project  to al)})ly forltlal IIlcthocls  tc) a l)ortioll of tllc fliglit

colitrol softwarefor  tllc NASA Sl)acc  Shuttle [7, 8]. ‘1’lIc  cciteria that Id totllc selection of Phase llane

illcludcd finding a IIlc)dulc  W’lIOSCI wquicclllcllts w’eIc difficult tc) ulldemtand and which will likely  be tile

target of future ccitical cllangc requests.

~’he developme]lt of tllc h igh - l eve l  forllla]  sl)ccificatio]ls ~vas dividccl  into ttvo  major tasks. I’irst, wc’

acquid a concise dwcril)tioll of tlic origiilal lc(]llilt’ltlc’llts  of tllc lllodulc. hfuc]l  of this illforlnation

Ivas obtained  fcolo a  fullctiolla] Icquimlncl]ts  dc)culnellt, consis t ing largely of lvirilkg diagraltls siltlilar

t o  those usd for ciccuit  dcsigll, tllc ( a s t r o n a u t )  cccw’ training IIlaliual, source code, illforlllal design

notes, and d i s cus s ions  ~vith Slluttlc softw’aw  })ccsolllIQ1. \\Tc usd  tile wsultillg  descciptioll t o  dcvelc)p



all “as-l )uilt” (il}l})lelll  c~[ktatioll-t }i:tsc~(l) for[tial  sl)wificalioll, ca[)t ucili~ tllc’ fullct  iollality dc~jictd  irl t h e

~viring diagrallls.

SeccJf]d, in order t o  obtain a ~tlom abstract sl)ecificatioll and Clilnillate tllc ill~~)lcl~~clltatioll b i a s

l)wsent ill tile a s - b u i l t  laym, wc devclopd  ol)jwt lnodeli]lg diagralus  (OIV1’1’)  [ 9 ]  t o  wpmcllt the

integcal illforlnation from tllc low-lc~’el sl)ecificatio]ls. ‘1’lIwc diagralns  fac i l i t a t ed  the idelltificatioll

of abstractions that we introduced into tllc IIigllcl-level sl)wificatio]ls. ‘J’llis I)mcess  of dcvclopi]lg  a lCVC1

of forlllal specificat ioli, follolvd  ?JY tlte construction  of tllc cc)lI(~sl)o]l(lil]g  OMrl’ d i a g r a m s ,  ellablcd tllc

idctltificatioll of tile high-level, critical wquimlnelits  of t]lc  Phase Ylane ]I]odule.  Sallll)lc  sl)ccifications

and Ohlrl’ cliagran~s  am dcscribd I)c’lolv.

2 . 1  P h a s e  Plane

‘1’hc  Rfclcfio)l  L’ontro/  ,$’yslcm  (1{{!S) l)igital A u t o  ]’ilot  systel[l (l)A1’)  a c h i e v e s  desicwl  })ositions  via

IIccessaly lnovemcllts tllrougll jet firings. l’igum 1 gives  a ]Jictorial  mpmclltation of  t ranslat ion (T, y,

and 2 coordinates of tllc vclliclc)  and attitude (mtatiol)al })ositioll  of tllc’ Vclliclc  ill tcrlns of roll,  pitch,

a:ld  yalv)  as tllcy relate totllc ]Jositioll  of the Slluttlc.

—

x

1’

roll

-+y

pitch

yaw z

l’iguw 1: Sll~lttlc~ ’1 ’lallslatiollal and l{otatic)llal  Axes

lti order to Inailltairl tile Slluttlc at a specific attitude, tllc CKIW sl)ccifies  tw’ovalues:  attitude dcadballd

and rate cleadbancl.  .411ilvdc dcadbatld refers to  liow lnucli  drift (l)ositive or negative) w i l l  be toleratd

ill any axis hefom jets ace fired  t o cc)rwct  t tic eccor. I{c[(c dcad6((nd  wfecs  to tlIe alloivab]e  rate cltallges

o f  t he  a t t i t ude  (})ositivc  or IIegativc) before  jet ficitigs  are mquicd to null tlic error. l’igurc 2 gives  a

higll-lcve]  view’  of tlic I)Al’; tlie Phasellane coltll)c)llcllt  colu])arcs infc)rll~atioll  froll~ the ,$t~~tc l~sti]~~c(to~

t h a t  describes curcclit a t t i t u d e  v a l u e s ,  takitlg into consideration  spaccccaft dyllalllics (e.g., fuel usage



and i[lcrtia) aIId tllc cm~v su])})lied valtics. IJel)c]ldillg  011 tllc allloulit of (Jrmr mrmctioll  tiwcssary, tile

PhaseYlane co]lll)o]lclit  wquests  jet firings, fvllcce tllc J e t - S e l e c t  col~~~)c)llc]lt dctcrlllit~cs  w’llic]l jet(s)

to fire  (tile tol)ic  of the larger luulti-NASA site I)KJjwt  ).

DIGITAL AUTO PILOT (DAP)

.-- —- —--—— --——- ——-—— -—-
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I’iguw 3 ~iwx a silnplified  gcaphical 1(’})lcse]lt:itic)ll  o f  the phase plallc. A l)llasc  ~)lallc is w~)cese]ltd

as a gra~)ll plot t ing s})aceccaft  rate cccors  against at t it udc  Crrors  for o]le ro t a t i ona l  ax i s . IN an

attitude ltold s i t u a t i o n  d(adb[{l)di]~g  occurs (ill dicatd I)y daslld l i n e s ) ,  Ivllicll recalls tha t  tlte er~c)r

1)101 cycles  .arou IId  tile zero error  ]Joiflt \vitli  jets  firill~  cacll  tillle tllc lirllits of tile “l) OX” a[’f? excwdd.

];ach “~” i n d i c a t e s  })oiilts that tllc Slluttlc is cllallgitlg systcltl state \witll respect io thrustrl firings.

‘lllIe  SlIadCd co[(st wgionsdepict  situatio]ls whcwthe Slluttlends ]Iocollectiveactic)ll< ‘J’llel[’lllaiflillg

rcgiolls  are knowII as  hysteresis  wgiojls, W’IICIXI  extcrllal  factocs , SUCII  as ~)ositivc (Ilegativc) acr.-elecatioll

drift, l)mpcllant usag;c, inertia, tiiilc lags hctw’vcll  ficiug  cc)lllrnallds,  and scllsc)l no i se ,  am ta!iell i n t o

mnsideration in order t o  prec]udc ullllccessacy jet firings.

'l`llelccl(lilell~ clltsfo rt]lePh asellanelt lc)(]~llc`al  e(l{`sclil  Jc'cl ill afu]lctiollal  sl)ecificatio~l  that itlcludcs

a silnplifid wiring diagralll (see  l’iguw 4), w’llicll identifies tllc’illl)ut and outl)ut values, as \t’ell as several

tablm that colltaill e q u a t i o n s  fmlll  collt  co] tllmry to calculate tile boulldalies  of tllc phase ~)lalle and

i t s  lcgiolls. 11’or IIistorical wasolls, tile functional dcsccil)tiolls use notation Colnlllollly  used  fol circuit

dmiglt, CVCII thc)ugh  the system b e i n g  dwcribd is soft\vale-l~as(’(1. ‘J’l]e solid lilles  m~)msellt  data flows

a n d  dashed lilles  mprcsellt colltlol. ltl l’igucc  4 , the daslld lirlc i nd ica t e s  tha t  the cl~abicflag Inust be

s e t  by tile cce~v ill order to ellal)lc tllc autc) ])ilot IIlodc.
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States during Deadbanding

No )els f,re S(nce the rate error IS pimbve, the att,!ude
error WIII grow m a posbve  d,recl(on

Jets  fire to nulllfy the posttwe  mtakmal  rale

Jets stop f,r, ng when the deadband hne is crossed, but a Ihttle
negalwe rate error IS lnev, table

No jets f(re W,lh  a negat,  ve rate error,  the alt,rude  error WIII
also dr,f( negatively.

Jels fwe to nulhfy  negahve rate error.

Jets slop f,mg  but res(dual  posme  rate error causes att,tude
error to go pos!t,ve  aga,n and the cycle repeals

+ attitude error

Deadbanding  Path

I .

-  rate deadband m
Coast Region

u
Hysteresis Region

l’i~urc 3 :  G]aphical depiction of tllc pliasc plaIIe, \vitll  coast and hysteresis regions

2 . 2  F o r m a l  S p e c i f i c a t i o n s

OIICI  aspect of fc)rlllal lnetllods for soft~vam  devclol)II]etIt  is tile use of a forlllal specif icat ion language,

a rigorous n o t a t i o n  t o  prccise]y  define  tile futlctiollality and mquicell~cllts  of the systelll. ‘J’llcm exists

really types of follnal sl)ecificatiol]s, I)ut Jvc call catc~orim t}lclll i n t o  tlvo major ty~)cs:  lllo(lel-c)lic’lltecl

and l)roperty-orie~lt cd. ~Yc~cl~l-olic)tl((l  s})ccificatiolls  defillc  systclll’s beha~’ior  d i r ec t ly  })y collstructitlg

a l]]odcl  of a system in tcrl]ls c)f IIlatlleltlatical s t ruc tu re s , SUCII as tul)les, functions, sets, or sequences.

I;xam])lm i n c l u d e  V])hf a n d  Z for scque])tial systclt)s aIId (!S1’ and l’etri N e t s  f o r  collcurwlit and

d i s t r i b u t e d  systems  [10] . l’/oljctly-oJifrttcf/  s})ecifi(atiolls  dcfi IIe a systelII’s

statil[~  a  set o f  properties  (usually  ill terltis o f  axiol]ts)  that  tllc s~steltl  must

catc~ories are cITiomatic  spcci~ic~itions  tyl)ically exl)Icsswl  ill tcrlns of  ~)re- a n d

hellavior ilidirectly by

satisfy [1 O]. ‘J’wm sulJ-

postcollditions  ill filst -

c)rder  ])redicatc  logic and olgcbraic  .sljccijic’f(ficjll.s  that  usc axio~l~s  to s~)ccify p r o p e r t i e s ,  ~vliccc axio]tts

am ill cquatioll forltlat. ‘1’lle 1’1’,9 (1’] ’ototy})c \Jccificatioli  Systctlls) forlnal sl)ccificatioll t o o l s  [ 1 1 ]

(e.g. sy]itax cliecke]  and tlimreln })rokcr) \v[rc usd f o r  t h i s  revecw cllgiilcerillg I)rojcct. 1)1’,$’ i s
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l’iguw4:  SiIII~Jlifid  ~virillg diagrartl for t]lc’Phase>lanel~~ocl~lle
—

a l)lo~~c’:ty-c)liclltecl  sl)ccificatioll  laliguage, ~vliccc a s})cci(icatioll coll~l)rises  a collect  iol~ o f  t}~corics.

I;acll  tllcor:}r consis ts  of  a  sigrtalvwfc)r tile ty])e  lla~tlwi atld locally  declared cons t an t s ,  a s  w’ell as tile

axiollls, definitional and theorems  associated lvith  tllc sigtlatuw. III addition to its I)rol)c’lty-c)lic>lltecl

attril)utes, which cllablc tllc stlai~lltfc)l\\’al(l Collstructio[l  of a[ld reasoning shout  specif icat ions that

desc r ibe  l~cl}aviol al]d desired  (required) pro~)erties, \VCJ CII(W  (11(1 }’1’,f’language for its Illodularity alkd

tllc availability of tools, such as syntax- and ty})c-clleckccs.

lllo]clc’ltoc)l~taill asl)ecificatio~l oftliclhigh-k’vel  l(>{l~lileltic’rltsflolll  tllecxistiltg clc~c~llllelltatioll a n d

source code, we constructed  several layers of 1)1’,9sl)ccificatic)lls, ;vII(IIC cacll  layer is Illo]e  abstract than

tile prwding  layer. Spccificatioll of a systcln tllrougll itlcreasiflgly dctaild lCVCIIS  of aljstraction is  a

lvcll-mtablislld IIlctllod [10, 12]. I{cvc’lsc’cllgiil{’elitlg  tllc Phasellane project involved a ll~ixtuwof

a lmtton-up  with a topdowll  approach. 11’e d~vclol)wl  tile spec i f i ca t ions  i[t tlic follo~villg  order: low-,

hig]l-,  and llli&lcvel. }Iigll-lwcl natural lallg(la~c~ (l[’sclil)tiolls  of this portion  of tll~> Shu t t l e  I)A1’ w’cre

akrailal)lc, as  Ivas sou Icc c o d e .  ~;ivell  tllc ral]gc of  d~tilil S avail al)lc  froln tllc tw’o  tyl)es of  docuttlcntatioll

(prose \reIsus code), we decided  to start with tllc ]ow-level  s})ccifications  to ensure that \ve captud an

acclllateclcsclil)tioll  of tllecurrcllt fullctiollality. Next, Jveusd Ihclligklcvd clc’scri~)tioll  sfloltltlleclc’lv

tlaillillglllallllal tocollstcuct several OLfrJ1{liagltiltls, all ofwllic}l  wrasusd  to assist ill tllciclc’lltificiltic)ll

and  sl)ecificatioll of higll-lcvrl wquiccliletlts. l’itially, ill c)l(l(`ltc )t)li(lgetll  eillfollllatiollgal)  l)et\vec`tl t h e

~



lo~r-lcve],  illll)lelllc’llt  atioll-sl)ccific afld tllc lli~li-level sl)(’cifi{:ttiolis, JVQ  collstructwl a set of lni(l-level

sl)ecificatiolls. ‘l’lie  OL1’1”  diagraltls illtmdllccd al)stractiotl itl(o  tllc low-lekrel  s~)ccificatiolls,  and tile

IIigll-level spmificatiolls identified critical pmpcctics al)})licat~lc to tlke owvall coml)ollent; the combilied

irlforltlation providd  the collstraiiits  for tile IIli(l-level s})ecificatiolls.

2 .2 .1  Low- l eve l  Spec i f i ca t i ons

\lTc develo]wd  the low-level  folJ~lal  s])ccificatioll  of Phase llane fco~ll the existing source code, tllc ctc\v

traillitlg manual, alld the IOW-lCVC1 }Vicitlg dia~ralns. ‘1’llis s})ccification  lllirroml the functionality of

tlic cxistiIl~  systelll, l)ut did Iiot offec ari al)stract Vi(’Iv  of tllc m o d u l e ’ s  f u n c t i o n a l  mluiwlttents. ‘J1he

o])timizcd  source code  co]lsistcd of scvecal  ca l cu l a t i ons  fo r  dcteclnilling tile mgio]ls  within t he  phase

])lallc.  111 l’iguw 13, wc have l)rovided  a IIigll-levc>]  depict iol] of  the  wgiolls Jvitllirl the phase p l a n e ,

wllcm, in actuali ty,  the coast and IIystcrcsis regions each  liavc  ]tlow  fitle-graitled paltitiolls Ivith a total

of fiw regions  as detclminwl hy fourteen  houtldarim  (Ial)elcd  s1-s14).  ‘J’hc boundary  calculat ions ]nade

Cxtcllsivc  use of several constants stoced iil a table, Jvllicll Iel)]csclil initialization values  for a givcll  flight.

‘J’]lc  code  also dictated lIOW control actio]ls Jvecc ca l cu la t ed  dcl)elldillg on Ivliicll region  tile sliuttlc w a s

located.  It) order to calculate tile control actio]ls, Yalucs of Varial)lcs  that ser~c  as the intccfacc l)et\Vecn

tllc’ P h a s e _ P l a n e  al~d otllcr colt}l)oncllts  ~vitllin tllc I) Al) \vcw  liscd. l;xalllple values  include error late

Iitllits, dcadhalld v a l u e s ,  current rate cccoc,  cucmllt l)ositioll, slid tllc })ml’ious jet firing collllllallds. l’or

I)ce!’ity,  we do IIot iuc]udc tile co]ll])lete  low-lcicl sj)ecificatiolls lIccc, t~ut  tlIe specifications lllay  be found

ill the al)l)elldix.

2 . 2 . 2  High-I.evel  S p e c i f i c a t i o n s

Next, ~vc developed a IIigll-leircl “t)lack- )c)x” spccificatic)ll, Jvllicll did not illcludc ilil})lclllclltatioll details.

A t  this level,  it was stlaiglltfc~l~i’:~lcl  for us to state al)st  tact })rol)ecties  that any soft r~ace il~lplcltlenting

Phase llane lnust possess . ‘J’he lligll-lck’cl  sl)ccificatioll desccihcs propclties t h a t  cllaractcrizc the

Slluttlc’s l)ositio~l ill tellns o f  a t t i t ude  al(d rate dcadl)alld v a l u e s : if tllc Shuttle travels outside the

s~)ecified  rcgiolls, then tllc jets lied to })c fired to I)ring tile S]luttlc hack  in to  t i l e  phase  plane region.

WC defined  a few predicates to desccibe ge]lcral  properties of tl)e  Shuttle,  \vlLeIc  IIoolcan predicates aw

dcl~otml Ly a “?” suffix, atld tile types of tllc l)mdicatc argu[llctlts are ellcloswl  ill squaw brackets. l’irst,

tl[e  i s -de  adbanded?  predicate  dctcvtttirles  ~vlletller  tile Slluttlc is in a dead banrlillg  s t a t e ,  \vltcJe  tllerc

are four algulnents  to the predicate  cc)ll(’sl)c)ll(lillg  to tllc a t t i t ude  dead band, rate dcadballd,  cull’ent

a t t i t u d e  cccor,  and curmllt ]atc crwr  ml)msclltcd t)y tlleit ws~~ectirc  t y p e s .



[::-.--”::is. dead banded? : pred[att  itude-deadband_  type ,rate_deadband_  type,
attitude  _error_type2~at  e-<I:~or=tYpel — “1

Next, two ])re(licatcs are (Icfinwl t o  cllwk  Ivllctlicr  rate aII(l a t  tilu(lc errors arc ilI a Icgioll  lvllcrc jets

IICWI t o I)e fiTwl to clccmase  rate cccot  (gct[erat e I]osit ivc rate ercoc).

[ . .

—.
decrease_ rate_ error? : pred[attit  ude_deadband_ty  pe, rate_ deadband_type,

attitude _error_type,  rate- error_ type]

increase_ rate_ error? : pred[attitude_deadband_t  ype ,rate-deadband_  type,
at t it  ude~b.an.d~pe  ~r&e=degdband_t  yLgj  _ _—-

l’igurc .5 corltains all at~brcviatml  Vcrsic)rl oftllc to~)-levc,l sl)ccificatio]ls. lrl this case, wiring_ phase_ plane

refers  tc) the 10 W-ICVC1 sl)ccificatiolls. ‘1’llc Tefcrvrrccd  s t a t e s  arc tllosc de})ictcd  ill l’igurc 3 .

‘J’lic fo]low’irig IIigli-level axioln, l)asecl ori tllc s])ecificatiorr  for tire six states, relates tile attitude to

tll~’rateclca(ll)all(ls, aslvell astlleratcalrd attitudcercorx. Specif ical ly,  theaxiom ilsserts tlteillvariallt

that  i f  tile Slluttlc is in tlic dead band rc~io]ls,  tllerl  tllcrc is rlo IIccd to fire jets to iricreasc or’ decrease

tile rate ccrwr.

AXIOM FORALL

(att_db: att ltude_deadband_  type) , (rate.db :rate_deadband_  type)  ,
(att_srr:  attitude_  errOr_type), (rate-err: rate_ errOr_type) :

is_deadbanded?  (att_db,  rate_db ,att_err, rate-err) <=>
NOT (decrease-rat e_error?(at  t_db, rate_ db,  att_err, rate-err) OR

increase_ rate_ error? (att-db,  rate-db, att-err, rate_err)
)

2 . 2 . 3  Mid-l,evel  S p e c i f i c a t i o n s

l’illally, \ve outlillcd a  r t l i d - l e v e l  for[tlal  s~)ccificdtiorl  that ca})tures  critical as~)ccts  of functiorlality

and lt’{itrirc’rrlcrlts  at  a level t h a t  }Yould  1)(I u s e f u l  t o  Slluttlc lc~(lllilclrlc’rrts arlalysts ~vllc~rl rcvic~villg

~Jropc)scd  IIlodificatiorls  t o  tlic ]Ilodulc. Code developed fror)l this sl)ecificatioll ivc)uld  implement the

“1’liasc  l’]ane l,ogic” I)ox ofthc Iow-IcJV(II  \virilig  diagralrl (11igum4). ‘J’lLc  challenge at tllc Inicl-level

~vas to omit  (Jxtrarleous  irrl~llerrtelttatic)ll  detai ls ,  yet  l)c l)rccisc  crlouglr  to capture necessary properties

collcel’rring I[lilrilllizatioll  o f  fuel usage, tllrustcr firings, arl{l Irlovcrnerlt  al~out  tile desired attituclc. ltI

collstructirlg tlic l r l i c l - l e v e l  s])wificatiolls, we Itlaclc s e v e r a l  assurtll)tio~ls. l’irst, \vc (licl  I]ot consider

Cxtcrrlal accc’lcratioll  clisturl)arlccs. ‘lllrisziss{rlll])tioIr Ilrcallstllat hy takirig a(l~alltageof  s~llltlletry,it  i s

s u f f i c i e n t  t o  s~)ccif~  only t]ie u~)])er  (Ilollrrrgativc’  rate e r ro r )  ]ralf of tile Phase  llane (liagrarn,  as sho\vII

ill I’iguce  6< Second, t IIc Ilystermis rcgiori  is t rcat cd as a coast wgiorl. lf’irlally, ar( irrl~)lertrelitatic)~l  b i a s

~Jmviously i m p o s e d  ilr the Wiring diagrams to allow  tile crclv to erlablc tile module was  mrrlovcd.  W’e

also mtIiovcd  tllc Cxl)licit asscrtio]l tlltit tllc calculatiorls Ivill be dorkc once for each axis (rm]l,  pitch, and

yalv).

{)
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X Hodule: High-Level Specifications of Properties for Phase Plane Module
x
X The following characterize the 6 states of Shuttle when it is deadbanding

x
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high_ level _phase.plane : THEORY
BEGIN

USING wiring_ phase_ plane % low-level specifications for phase plane

%
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%
x No jets fire Since the rate error is positive, the attitude error will

x grow in a positive direction. (State 1)

%
no-jet s_positive-rate  ?(att-db ,rate_db, att_err, rate _err) : bool =

is_deadbanded? (att_db ,rate-db,  att-err, rate-err) &

rate-err > 0 & att-err > 0

%

7, Jets are firing to correct positive rotational rate (State 2)
%
jets-f ire_correct_pos-at  titude_error?  (att_db, rate-db, att-err, rate_err) :bool =

NOT (is_deadbanded? (att_db, rate_ db, att_err ,rate_err))  &

decrease-rate_ error? (att_db, rate_ db, att_err,  rate_err)

z
Z Jets stop firing when deadband line is crossed, but a little negative

I rate error is inevitable, (State 3)
,,/.
jets_ stop-negat ive-rate_error?  (att_db, rate_ db, att_err, rate_err) : bool =

is_deadbanded?  (att.. db, rate-db,  att-err,  rate-err) &

rate-err < 0

x
7, No jets fire. With negative rate error, the attitude error will also

% drift negatively. (State 4)
,,/,
no_jets_ne gative_rate?  (att_db, rate _db, at t_err, rate _err) : bool =

is-de ad banded ?(att_db  ,rate_db,  att_err, rate _err) &

rate-err < 0 & att_err < 0

%
‘/, Jets are firing to correct negative attitude error (State 5)

%
jets_ fire_ correct_ neg_attitude-erro  r?(att_db,  rate-db,  att_err,  rate-err) : bool =

NOT (is_deadbanded? (att_db, rate_ db, att_err ,rate_err))  &

increase _rate-error? (att_db  ,rate_db, att_err,  rate-err)

%
% Jets stop firing, but residual positive rate error causes attitude
% error to go positive again and cycle starts over (State 6)

%
jets-stop_ posit ive_rate-error?  (att-db,  rate_ db, att-err, rate_err) : bool =

is-de adbanded? (att-db, rate_ db, att-err ,rate_err) &

rate-err > 0

end high _level_phase_plane

]’igutc 5: SatIllJlc  IIigll-level s})mificatiol]s of Phase llane

rcpl’(’sellts]’igum 7 defines  afm deadl)andins  f u n c t i o n s  tc)takca  clvalltageo ftll[’s yllllllc’try and y

tllc vertical a x i s  ( a b s o l u t e  v a l u e  o f  rate Crmr)  and z is tllc IIolizolllal ( a t t i t u d e  cllo~) axis.  ‘J’lIe

syIIIINetry l)ro~)crty ellaljles us to gcllcralizc tllc calculations to tlIosc ill tile u~)l)cr half of the deadt)atld

1(I
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l’igure 6: IJI)I)CI  IIalf of  l’lIase l’laIIe

rc~iol(. ‘J’IIc a.djust-for_symmetry  function accounts for syIIItIletIy  of tlie l)l~asc plaIIc  and returns

tlic IIC\V  thruster  co)nllla]ld  given  tlIc Currctl(  late cIror slid tllrustcr colnlnalld. ‘1’lLe calculatiolis for

upper  _a<titude_limit at~d lower  _a t t i t ude_ l imi t  arc a gc’llc’l:ilizatic)ll of. a I)c}rtioll of tile lo\v-lcvel

s})ecificatio~ls.  'I1llesc lilllits tlc`tc~tlllillct llc`l)c)llt l{lsc)ft llc`llystelcJsisrc  `gic)lls, atlcl,as  l]lelltiollccl previc)usly,

are a function of tlic jet firiilgs.

‘I)he tail of thecoast regionis  dcfilicd  I)y tllcrate_deadband  ahovealld  tllc l o w e r - r a t e _  deadband

}K’1OW’. ‘1’lle following specification ~ivcs tlie lower_ ra te_ deadband as  a real and asserts that the

lower_ rate-deadbandis  at lllost tllcrate_deadband.

L----lower _rate_deadband: real

rate. deadband_rel ationship: AXIOM lower_ rate_ deadband  <= rate -headband . . . ...3—

‘JIIIC  lo\vcI  ( lef t )  ljoulldary of tile coas t  rcgiofl  is defined  I)y tlie l o w e r - a t t i t u d e - l i m i t  ( a  ful]ction

declared bclc)w)  and at t i tude -headband. ‘1’hc sl)ccificatioll asserts only  that the lower_ coast_ limit

is at l~~ost tile l o w e r - a t t i t u d e - l i m i t .

[

—
10wer_c  Oast_limit  :

—
real

coast -limit _relationship: AXIOM lower_ coast _limit <= lower-at titude_limit :.-.1—
‘1111(1  primary function c o n t r o l _  a c t i o n  returns  a tllrustcr coltlllland. ‘1’llrustel’ hysteresis  call  he

USC(I  to IIlillil[lize  tllluster firirlgs  duc t o  d e l a y s ,  scIIsor  IIoise, 01” Ill OVClllC’llt bC’t\Veell  State transition

I)oultdarics. l“igurc  8 gives  tllc sl)ecificatioll f o r  ca l cu l a t i ng  tlIc tllrustct coltl[tlallds. l’irst, it ]Ilust he

II



.— .—
%
% Calculate coordinates for plotting attitude and rate errors

x
y: absolute_ rate-e rror_type  = abs(rate_error)

x: real = sign(rate- error )*attitude_error

% Because all calculations are done in the upper half of the deadband

% region, the calculated thruster command may need to be reversed.

adjust _for_symnetry(t  : thrust er_command-type,

IF (t =

THEN

% re

ELSE

re: rate-error-type) : thrust er-command_type  =
zero-thrust) OR (sign (re) >= O)

t

was negative, so thruster commands must be reversed

IF t = positive-thrust
THEN negative _thrust
% t was negative_ thrust

ELSE posit ive_thrust

ENDIF

ENDIF

%
z Calculate boundary of hysteresis region based on a function of jet firings
,,
7,

upper-attitude-limit: real = -sqr(y)  /(2*thrust er-impulse)  + attitude _deadband
lower_ attitude_ limit : real = -sqrQ)/(2*  thruster-impulse) - attitude-deadband

l’igurc l’: Valial)les and dcadl)allditlg fullclio]ls  t o  ti(ljust  for Sylnlllctry iu pllas(’ plane

detcrlllirled if t!Ic spacec ra f t  i s  outsi(lc tile d(’adt)alld  area aIId t h ru s t e r s  should  1)(J  fired ‘“dc)lvll~sar(]”.

Second. it nlust be dcterl]li]led wllctll(’r  tl]c  s})acwraft is outsi(l(’  tll(’ (lcaclt)all(l  area and thrusters slIoIIld

be fi I’d “upwl”d” . ‘1’llircl, if tlIc  sl)acecraft is lvitlliil  ttlc “coast” Zoll(’, tlletl do not  fll’e

tllc s h o v e  cas(,s (!0 Ilot a])ply,  tlle]i  il]corl)oratc  tllrustcr IIystcrcsis.

thruster-hysteresis : thrust er_conunand_type = zero-thrust

control _action: thrust er_command_type =

IF (y > rate_ headband) DR (x > upper_ attitude-limit)
THEN adjust _for_synunetry (negative_ thrust , rate _error)

ELSE IF (y < lower- rate-deadband) AND (x < lower-  coast _limit)

THEN adjust _for_symmetry  (positive-thrust , rate _error)

lll”(lstel”s.  [f all

ELSE IF

OR

(y <= rate_ headband)

AND (lower_ rate_ deadband  <= y)
AND (x <= lower- attitude_ limit)

(x <= lower-attitude-limit)
AIJD (lower-coast_ limit <= x)

AND (lower- rate_ deadband  <= y)
THEN zero_ thrust
ELSE thruster-hysteresis

ENDIF

ENDIF

ENDIF

l’igurc 8: Specif icat ion c)f l’ullctio]l  to (~alculatc ‘J’llrust C!oImt]aIIds

12



2 . 3  C o n s t r u c t i o n  o f  O M T  Diagrams

II) tllc [’ally stagy’s of softwal’c  (Icw’(’kq)ll)(’l  lt, itlcluditig [)l)j(’ct-c)liclltc(l  al)proacllesj cliagralus  are fre-

quently used  t o  describe lcclllilt’ttlc’llts  a~ld guide (1[’v[’lo[)ltlc’llt. ‘J’lle OhfrJ’ [s)] Ilotatiol] cc)Inl~inws  tllrw

cc)llll)lelIlc’IItaI.y clia,graInIlliIlg IIot:itic)lls ill order to dOCUIIICIIIt  systeltl le(lllitc>ltlc~lits: ol~ject IIlodcIls,

dyllalnic Itlodcls,  and fllnctiollal ][IOCIC]S.  AIL objfcl 1/10[/(/  dmcribes tile arc]litecturc c)f all oVeI’all syslcln

ill tellns of tile clclne]lts (objects) of a systclll and idclltifics allo~ral)lc  relatiollsllil)s alllo]lg  ol~jects.  A s

a result, the ol~ject  IIIOCIC1  constrains  tllc’ set of })ossil)le  states that tile systcIIn  IIlay el~tcr.  A  d y n a m i c

?nodcl descriljcs valid  trallsitio]ts I)ctlvecll  systctll states and i n d i c a t e s  tile c o n d i t i o n s  under Jvllicll a

s t a t e  clial)gc  lnay occur. IJyllalnic ItIodels  arc dcscrihcd ill telltls o f  state transitic)ll diagrallls. A

!([nctional nlodcl  is a data flow diagraltl that descriks  tlIc  colil~)utatiolls to be perforltlcd by the system.

111 a  coltl})le]l~cllt:ily  fas]lioll, tllcw tllrcc tyl)es of  diaglallls alc usd to ]tlodc’1 t i le propccties  o f  t h e

systcln, itlcludi]lg  flow of colltro], flow c)f data,  l)attc,l.lls  of del)c]idclicy,  tilllc sequc]lcc,  and nalnc-sl)acc~

rclatiollslli~)s.  ‘J’lkc  Oh!irl’  aljl)roacli is aJ)J)c)alillg sitlcc  it ofikrs  Itlultil)le  viclvs  o f  softlyarc requirements,

and  sillcc’ a single  notation  is llot  forced  to dcscril)c Itlally  different l)crs})cctives  of a give]] systclll, tile

noiatioll for each  tyj)c  of diag[a]ll is siltll)le  to usc and easy to ullderstalld.

Sil]cc t]le  or igins]  Phasellane softw’arc  \\ras IIOt c)]}jc’ct-c)liclltecl,  W’(I ])cgall  tile ON1’1”  ana lys is  ~vitll t]le

SOIIICC  CO(1(I  aII(l iIll})](,lllcll tatioI1-sl)c,cific  wilitlg (]iagraltl  o f  t]lc Phase  llane II IO(]UIC and (’onstructe(]

!v;o  !e\’els o f  data flc)lv  clia~raltls. ‘1’ltcsc {lia~rallls assisted ill tllc a}~stractic)n  ])rocess  to ol)taill  an

a r c h i t e c t u r a l  ~~ictv of tile p]lasc  l)la]lc  as it related to tllc overall  I) Al) system, thus lcadillg to tile

construction  of  tllc ol)jcct ]nodels. [Jsitlg  tllc fullctio)]al  and ol)jcct diagrams ill col~jutlctioll  ~vitll tile

dcscri~)tio:l  of tile dcadhandirlg  states, \v@ cleated tile dyllalllic ]tlodc’1 for tllc Phase  llane ]llodule.  q’]lc

dyllaltlic model dep ic t s  tllc states l~ettvccll jet firings  as tile Slluttlc dcadhands. llrcgellerated a lligll-

ICVCI sl)ecificatioll based lalgely oll t i l e  dynalnic lnodcl. ‘1’lic ol~jcct and tile f~lllctiollal  lIIOCICIS  offered

Ollc level  of abstraction, Which directly (Jlialjlcd us to dcyclo~)  of tllc JIext layer of forlnal specifications

(Illid-level sl)ccificatiorls  describing data structures and ol)cratio]ls 011 the data structures).

2 . 3 . 1  F u n c t i o n a l  M o d e l s

l):~taflc);ic liaglallls(l  )l’l))facilitatca  IIiglllcvel (lllclc’1st2i11 {lillgc )fsystcrtlsa11cl areuseclin  I)otllforlvard

and lvvcrsc cnginering.  Static analysis of l)rograltl code I)rovides  ill forlnatioll that accurately describes

flow of  data  ill a systeln. l)roccss “t~uljbles>’ dcllote J)lmcedules  01 functions of  a  givell  systeln, alro~ws

rc~)rcscnt  d a t a  flow’illg  fro]n one  })]occss to allotllcr, and Icctallglcs rel)rescnt cxterllal enti t ies.
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‘J’llc sitlll)lcst  functional ][lodcl i s  a COIIIC.C( di{[gr{ol~, 01” l)CVC1 0 1)1’’ 1); tllc I,c’vel o 1)1”1)  for the

P h a s e - P l a n e  ItIodulc  is SIIOJVII  ill l’i~urc 9, \vliccc tllc clltite }JIIasc’ plallc ]t~odule is ceduccd  to a ~)roccws

bubble,  Ivitll tile extcrllal input  a]ld outl)ul lal)clcd. ‘J’llc I) CV(’I o 1)1”1)  closely ITsellll)lcs  tllc structure

o f  t]le  ~virillg diagraltl for Phase llane givcll  ill ]’i~urc  4.

External

Input

Variables

previous thruster commands

rate error

attitude error
Jet Select

attitude deadbands

rate deadbands /

]“igure  9: ]Iig]l ],eve] (())  ])11’1)  f o r  PhaseF’lane 11’lodulc

]“i~,ure Iogiv(’st]lc]lcxt  lc’vc] ])] ’]), w’llic]i  s]l{)~vst]l[’(]if[~>l(illt  l)roccsscst]lat  collstit utctllc Phasellane

Iuod IIl(I. As SlIO\VII  ill this figure, tllcill])ut  variables arcused  tocalculatc l)o(lllclalicsfoltll(’ ])lIascplaIle.

‘1’IIc  boutl(]ari(’s,  tl)(’attitudcalld t]l[’lat[’(1(’a(l])a]l(]s,  ares up])li(d  to tllc PhaseYlane I~iodulc, \vllicll

calculates ttll[lstc’lcollltt)all(ls (jet firings). ']']lc' t]l I'(lst('Ic c)ItlIt~aIl(lsa  l(`t]lclis(  il)~)lie[l toi]lc Jet_Select

lnc)dulc  that dctcrmillcs \vllicll coltll)itlatioll of jets should I)(J used to acllicvc  tlie desired tliruster effect.

2 . 3 . 2  O b j e c t  Moclels

l~igure  11 dcpictsa lligll-level object ]tlodcl  fc)ltllcc ’l\ti[c’l)  Al),cc)llsistillg oftllc’ State Estimator, P h a s e

Plane,  and tllc Jet Select classes, cc)llc’s~)c~ll(lillg totllcdiagralll ~i~ctl ill l~igure2. l;acll class co~lsistsof

tlllec] )artscolrcsl)ollclil lgtotllc’ IIaltl[’c)ftll[’class,list  ofattril)ut(w, aIId list c)f c)pcratiolls, respectively.

‘J’lIc  dialllond syIIIbol denotes ag~rc~gatioti, \tJIICItI tile (lass iil)oyc  tll(’  dialllolld is said to consist of tile

three c l a s ses  below  tile dialnolld. lfcitller attlit)lltoso  lO1)(’latiollsalt’ ]Iot  krIO\VII  (ordollot  exist)  for

a givcll  class, tllcll the corresl)c)lldill~  area is shaded. ‘J’lle Phase Plane  class  usmtllccl  ass Crew Supplied
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External

Input

Variables

previous thruster commands

rate error

Calculate Boundaries
attitude error

attitude deadbands

/
rate deadbands I commands

TJet Select

Module

l’igurc 10: l,ev{’1  1 1)11’1)  f o r  Phasellane hlodule

I n f o r m a t i o n ,  Which re]~resc]lts  tllc deadhafld  lii[lits that arc US(KI ill tlie calculat ion of  tllc ;JIIasc  plalic

houtldaries.

l’igurcl] also  cc)lltaills  tllc’ol)j(’ct  diagra III fortllc Phase Plane  class, \vitll  attributes TWIC crrol, otlifvd(

(c)or,  and roiation  a:cis. ‘J’l I(J operation  for this class  is CCIICUIC(IC  t//rus/ co))t))la)l(ls, based 011 tlic diffc’rellcc>

I)cttvwll  tile currelIt  late atId a t t i t ude  error valuw aIId tlIosc  r e s p e c t i v e  li]tlits s u p p l i e d  l)y (IIC crc\v.

‘J’lIc  filled circle attached to tllc Phase Plane class, itldicatcs that tltc I) Al’  contains three plIasc  platlc

Colll])ollellts,  011(’ to calculate diflkrcflt  thrust collllllaftds for caclt  of the specif ic-  Iotatiollal axes:  roll,

l)itcll, and yalv. ‘1’here are two coll~})o]ic]lts  for cacll  Phase Plane ol)ject, Coast Region and Hysteresis

Region. ln thecoast regioll, c)lllytllc vallles  {) ftllc~attit (lcl[~:itl(l latecrlolsalellse(l to(lctellr~ill(  ’~vllc~tller

tile Shuttlcis sti l l  Witllill tlledcadl)alld liltlits. III tllcllystcresis regioll, llotvevel,a(l(litiollal illforlnatioll,

SUCII  as fuel usage, sensor IIoisc, and c)tller  sl)acecraft dy)lainics, is used to calculate thrust col[lltlalids.

2 . 3 . 3  Dynan~ic  M o d e l s

‘J’llis sectioli gik’cstllc’  (lyllaltlic  ltlc){l{’ls  fc)ltlle~)llas(’~ )lall{’, w’liicl~  dcwclihes  tile states ill ~vllicll the l)A1)

cal~ be u’itli respect to tile P h a s e - P l a n e  coltl})ollcllt. A l s o  i[lcludcd  arc tlie traltsitiolls that take tile

l) AI’flol]~o lies tatctoallotllcr. A  ~)ictorial  (liaglaltlc )ftll(~)c)sitic)ll  oftlleSllllttlcisgivell  ill l’igure3.

15



DAP

Turn on
Turn off

I I 13

State Estimator I
Current Position

Spacecraft Dynamics I BJet Select

List of Jets

Fire Jets
Stop Ftring  Jets

A
Phase Plane

Crew Supplied
Information

Rate Error
Atttitude  Error Uses Rate Deadband

Rotation Axis Lower Attitiude  Limit

Calculate thrust Upper Attitude Limit

commands

I

I Coast Region I

l’igurc 1 1 :  ol)jcct IIio(lcl for 1).41)

SiIIcc (lIQ Phasellane INodule  is all evcIit-l)ased systctII, tllc state transition diagra~tl  is stcaiglltfor~vard

to Collstl’(let.

l’igurc 12 gives  a state transition (liagcaltl  c)f tile s t a t e s  tllrougll Jvllicll tile S]iuttle transitions \vl\ilc>

it is dcadt~alldillg. ‘J’llcstatc tlallsitiollsa l{Jill tllc’fc)I1tlc )fjetst clllliliate(l )cgill) filillgall{ltlleSllttttle

dliftill~ into (out of) tllc dcadl)alld rc.gioll.

Note that ]>igure 3 dc}ticts  tllc clocktvisc  tcalecsaloftllc state sill }Vllicll tllc Shuttle  cycles  tllrouglltllc

deadballd liltlits. I t  i s  a l so  l)ossil)lc  for tllc Stluttlc to traverse tllc cycle  ill a colllltc’1.clock~vise  fashio]l,

ill lvllicll case. t h e  arroww ill l)igure 12 wIould  I)c rci’crsd.

llirlally,a \eIylli gll-levelvie \vc)ftll c>statt`sitl Ivllicll tilt’ SllllttlcJ call l~eisgivell ill 1’igurc13. lilcluded

ill tllc diagca]ll  arc tile actions or conditions that cause tllc Shuttle to transition fronl ollc  state to tile

IIcxt:  jet firings  and drift. ‘J’IIc rectangle cc)lltaitlilig  “1’llasc  l’la]l e>’ and tllc’ labeled arro;~s  IJoilltillg  to

tlIc states indicate  that the state transitions describe tl\c PhaseYlane ]t~odulc.



fire jets
positive attitude drift

stop firing stop firing

negative attitude drift

—.

is deadbanded

Phase Plane Module drift fire jets

Outside Deadband  Region
is not deadbanded

]1’i,guIe 13: ]Iig]l-](’krc]  s t a t e s  f o r  ~)rl)itcr  ~vit]l ICS[)CC(  tot]lc Phase-Plane  IIIO(IUIC

3 Summary and Evaluation of Reverse Engineering Process



3 . 1  Process  Summary

‘J’lIe P h a s e - P l a n e  IIIO(IUIC  col)sistd  of a])]) coxirtiatcly 200 litles  of IIigltly optirllized code.  IIt oJ’deI to

reverse ellgilkeer  Phase llane aII(l  II IIdeISta II(l i t s  coIItcx(,  JVe 11~(1  t o  ~II~]~zc a])~)rc)xilnatcly  five tilncs

t h a t  amou]lt. While a ])recise  c o s t  a n a l y s i s  w a s  IIot ])ecforttled  for  this  ])roject,  all estilllate of tlIe

c o s t  o f  the anaiysis and construction  o f  forltial sl)ecificatiol(s afId accolllpanying  0h4rJ’  diagraltls \vas

approximately  two l)elson lllolltlls. ‘J’llis c o s t  includes tile tittle tIecded  to learn I)\TS and llc)iv t o  u s e

its tools, acquire supporting (lc)clllllc’lltatic)ll,  gaiil  a IIlillilllal  ulidccstalldilig ofcontd  theory, aud refine

sevcIal tiltles tllc sl)ecificatior[s  slid diagcarils. (!olilt~itiiltg  ttlt’ cc)st illfollnatioll froltl  tile Jet Select

]ei’clscc~llgillec~liilg  ~)roject,  it dcm a~)})eal”  that tile c o s t s  ate \vitllill  reason and are roughly colill)ara}~lc

to the current cost of Icquirelllel)ts  analysis [7]. Jf’lle]l considcviti~  Ilighly  critical subsystelns  the cost

is IIot prollihitively exJJcnsi Ve.

‘J’hc results frolll  tliis reverse ell~itlecriilg project have l)co~ided  sevecal  lcssoIIs  f o r  future  revecse

cll~illccrillg projects. l’irst, ill order toohtain  high-level requirerllellts  forexistillg softw’are)it is dif[icult

toohtairl tlles~)ccificatic)lts  (forlttal or;tlforlna]) i]) a s;llgleste)). l~lstcad, sevc’lall ayt’lso fsJ)(’cific:~ti  cjlls

shoul(l  !)e developed,  starting  \vitll  tlIe  as-built s})ecificatio  I1. IIy closely IIlicrorillg  tllc ])rograinlnillg

str[lc:urc  of tllc existing soft  fvare, t h i s  sl)ecificatio]l  l)rovides  tlaceal)ility  tllrougll thedif~crellt levels  o f
. .

I$ )(’C Ic’)t;olw.

. \  Sullll]l:lly of’ t}lc C)vclall  ])1OC(%S

3 . 2  Belle;~ts  to the S o f t w a r e

l’o]lllal  sl)ecification l anguages  and

Development l>rocess

their cc)llcs})otl(litlg  reasotlillg systell~s  provide a fcalliclvorli  for

iiltegcating disl)arate sources of I)K)jcct illforttlatioll to desccihe a system at many levels  of  detai l .  ‘1’lle

I)roject infollnatioll  ltlay b e  docu]llellted iii a Var;ety  o f  forlnats, co]tie  fro]ll different s o u r c e s  (ofteu

l)llysically  d i s t r i bu t ed ) ,  a]ld sul)jected to Valyi]ig  lcve]s  of forl]lal  rei’ie~v. l’or this particular project ,

iIlforlllation lvas ohtailled froln  illllJlc’l tlc’llt atic)ll-sl){’cific  \Vilitig diagralns, dcflnitiolls and instructions

from a crew  training manual, soucce  code, illforltlal design  IIotes,  atid discuss jells  W;th S h u t t l e  softfvare

l)ersoflncl.  llrc analyzed and distilled tll[’itlfc)l]ilatioll illtosl)ecifica tions and 0h4’J1  n~odelillg  diagraltls.

‘1’llc’sel)ro(l~lctstvill  ilicrease tllc)cal):ll)ility fc)rf(lt  ~lleallalysisc  )ftlieP haseYlanec o1lll)ol\ellt. ~’list is,

Lecause tllc requireme]lts  illfor]natioll are lIow’ desct; bed ill a follllal n o t a t i o n  (a]l]lotated lvitll  Qasy t o

understand  cliaglallls),  alltolllatc’(la  ll:ilysis[~llcl validation are possible, l~hiclllvill .greatly  facilitate future

a})})I’oVals of cllallgc requests. Ill additiofl, tile l’l’’tf’})loof  systelll l)rovided  all autoliiated IIlectlanislrl

fc)r cllcckillg  tile cc)llll)]etelless  aTld consis tency oftllc sl)ecificatiotls.
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●  (;at}lcr su[~[]ortirlg  (loclllllflltatioll,” itlcludillg  functional rquircIticllts, source  co[lc,

desigll-level dcrcutncntatiot[,  alId user-nlauuak (as available).

●  I)cflllc w h a t  tllc  ‘“’hard collstraillt+” of t h e  slwcificatiou arc. \f’llat  documcutatioll

S1lOU ICI I)c USC(I  a.< tlIc source  for dchcril]illg  tt[c c r i t i ca l  requirel[lellts of tllc

systel[]? For rcvcrsc  c[lgillc{rillg  I)rojwts, ty[)ically,  the  source  code and functiotlal

rcquircrtlcllts  docurtlcul  is USKI to dctcrl[litlc c[itical  rwluirctnc[its.

o (;reatc ‘tas-f)uilt”  Iayrr c)f slwcificatious. ‘I’llis laycrof  s],ccificatiol[ slioukl  directly

nlirror  the futlctio]lality  othcrvcd fronl  the source code. ‘l’l[is mirroring effect  will

~)roviclc traccat)ility froftt tl[c filial lay(rs of s~,ecificatious  totlic  source  co[lc.

● III orclcr to illtroclucc al]stractiotlj  crcatc rnultil)lc Icvels of 1)11)5  aud begin the

object-oric] [td (00) analysis. ‘1’lIc 00 analysis is Nsml tocreatc  au a rch i tec tu ra l

vi(w of tllcsystclll,  which is al)I)lical~le  CVCII if tll(origillal  systclll  \vaslLot  CICVCIOI)CCI

\vitli object-oriclltatioll.

● Usitlg  higtl-lcvd docunlcutatiou (e.g. user mauual)  to idclltify the higl[-level system

rcquircmcltts,  wllicll  slIould  t h e n  Iw I]ictorially rcl)rcsclltd  in tcrmsof ilIC dyrlanlic

moclcl  (stale tralisitioll diagralll).

● }Iased 011 tllc state tral[sitio[l diagrarlls,  ctcate I i ig l l - level  s~~ccificatiolts,

●  l{cfinc tltc  Crl)jcct-]llodcls  of  the  systclll  using  in forluatioll  frcrni  the  1)1’1)s, code,  al(cl

lligll-level cloc~llliclltzitioll.

●  Collstruc(  tllc  I l l i ( l - l e v e l  s~]ccificatiolls I)y devclol)il[p,  l,roI)crtics that I,rovicle

tlkc Iiufiage  I)clww[i tllc iftl[)lcrtlcllt a(ioll-s~)ccific  illfortllatioli  froni the  low- leve l
s~)wificatiolls and tllc rcqt[ircd  ~jro]~crtics {Iescrilwd  ill tllc  I l ig l l - level  s~]ccif[cat  ioIls.

t A f t e r  collstructi[lg  (lie sl]ccificatiolls,  usc ~)roof  tools to cltcck  for  col[siste[lcy

lwtkvccl[  sl)ccificatioll laycrh.

Mncral prcmss  for reverse engitlwring  using forlt]al  lnct]locls  and ot)ject-oricntd  analysis

‘1’llil{l,tlleres~ilts oftllis lJ1c)j{Jct{  lc’ltlcJllstlat[~  that l~c’llt’fits c)fo}~jt’ct-oli{’llte(l  alialysis canhe cxl)lc)itcd

for Icvelsc-ellgilleclillg  a s  \voll a s  forlvard ellgilleclillg l)rojccts. S})ccifically,  ohjcct-orientwl  analysis

a s s i s t s  in the ulldcrstalldillg  of large, COII1l)ICX systcllls. l~ll[tllc]lllc)]c,  an ohjcct-oriented  perspectiw

f a c i l i t a t e s  future lnodificatiolis by providing tile lf’(lllirt’rtl(’tlts atla]yst and tlic develol)er  Ivitll a liigll-

level,  abstract Vic}v of systclll corlll)olleilts.

l’illally, a }) IOCCSS cc)llsistillg  of tlic collstructio]l of a level of forlnal specificatic)lls,  follow’ed by a set

of corresponding  diagraltls facilitates tll(’  (1(’v(’lol)ln(’nt  of several layers of sl)ccifications. ‘lllIC diagran~s

illtrc)duce  al)stractions  t h a t  call be US(Y1  to guide tllc collstructio)l o f  the IIcxt lcvel o f  spccificatiolis.

l~llrtltcll~lolc, tlletllreccc )lll~)lc~ltlc`litaly llc)tatiollsill tllc C)hlrl'  al)l)loacllc llalJlc`t llesl)ecificlto  lc'})lesellt

diffe~ellt  Col[ipollc]lts  of tile systclll using the l)rst-suited tyl)e of diagram.
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3 . 3  I,imitationsto  t h i s  Approach

\f’llilc’ tllc’rc’ ales e\ ’elal bc]lcfits tousiil~all itltegtated aIJI)K)aclI  cc)llsistillg  c) ffolltlals  ~)ecificatic)lls  and

Ohlrl’diagrall]s,  scveral  limitations exist. (~urcetlt]y,  ill order to perforlll consis tency and Colnpletelless

clleclis  of t]le  1)1’L9 sl)ecificatiol]s  for a s p e c i f i c  colllpolleIlt 0] sll})systelll, tllcories that  describe related

compolielits Illayneed tobc constructed. 111 our case, we had tile advantage  that a tealti IIad constructed

I’IZ,5’  spec i f i ca t ions  for the Jet Select  colnlmnetlt. A l s o ,  tile s})ecificatiolls  have f o c u s e d  t]lus far 011

funct ional  propert ies .  II] future iflvestigatiolls, \vc Jvill study tlie amenal)ility c)f 1’17,$ to non-funct ional

pro}) ertics.

SccoIid,  tlie sl)ccification a]ld diaglaltl collstcuctioll I)rocess  i s IIot autolllated, liow’ekrec,  ollcc  t i l e

s p e c i f i c a t i o n s  arc created,  they CaII  I)e analyzed  atIcl Itlallil)ulated usi]lg  autoluated t o o l s .  ~’his litll-

itatioll is due largely to tile current software  develol)llleflt  p r a c t i c e . l’irst, systelll ]equicelnel)ts are

typically described iii doculnents  that ]Ilay colitaill alllhiguous language. Secolid, as soft~vare  ages  and

dcvelo})llle]lt  teallls cllallge, i]lfolt[latio]l collcerllitlg s})ecific decis ions during the analysis  atld  design

~)cocesses ,nay becollle ]IIOIe dif[icult  t o  firld. ‘1’llird, diflkretlt  coll\relltic)lls  lllay be used  l)y d i f f e r e n t

i)allicipating parties to descril)c softwace systet[ls. ‘J’llolcfc)l[’,it  is difficult todevelo~) to(~lstc)illtc’ll)let

and illtcgcate inforlllatioll fcolll s u c h  dis[)arate and Ividc rall~irl~  illforlnatioll. ‘1’llere exist, IIolvelrec,

resoarcll  projects currently  illvestigatiflg several o f  t he se  i s sues  \vitli  tile illtel]tioll of autol~latillg a s

In(lcll o f  tllc rc~rcrse  ellgiIlcecill~ l)roccss a s  l)ossil)lc [5, G, 1:1].

l’ina]ly,  \ve found  that those projects that involve  significant dolllaill-specific inforl[lation c)r specialized

SUCII as tllc use c)f cotltrol theory itl t]le  Phase llane l)roject, require additional efl”ortareas of expertise, .

t o  ca~)tule  t]le  s p e c i a l  illforlllatioIl irl tllc sl)ecificatiolls atld  i t s  cc)llc’s})c)ll(lilig  [loc~llllellt:ltic)ll. ‘J’llis

effc)rt could  be in the forl[l of colltactili~ tllc origil}al  auttlocs, ex})erts  ill t he  spec ia l ty  area, or Iearlling

tllc n e c e s s a r y  Iiliow’]edge  ftolll arcllilred  soulces, suclt as

iTlforltlatioll  is cal)tured ill the le{lllilt’lllc’tits sJ)ecificatiolls,

fl’ol[l such doculllellte(l kllow’klge.

t e x t }  )ooks.  I[owrever,  once  the a~)~)rol)ciate

f(ltuce  Inailltetlallce tasks Jvill greatly Lenefit

4 Conclusions and Future hlvestigations

lJsillg formal specifications and ol)ject-c)li[’lltc’(1  analysis to describe the software that ilnplemeflts the

Phase  llane module of tl~e Space Shuttle I) Al)  IIas (Ic’ltlolistl:tte(l  that these complelnelltary al~alysis

and developnlent  tec]lniqucs can  be used  for cxistitig, illdllstrial a~)plications. ‘1’he  diff’e]ellt  le~els o f

specifications, With increasing  abstraction, stl})})lelllc’lltc’(1 by t i l e  oh!i’J” diagral[~s  provided a means for

illtcgratitlg  difkrellt  tyl)es of  illforltlatioll rc’gardillg  tile P h a s e  F’lane Inc)dulc froltl  disl)arate sc)urces.
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Ilavillg a c c e s s  to tlic forlIlal  sl)ccificatiolls all(l (lia~raltls  \vill f a c i l i t a t e  t i l e  v e r i f i c a t i o n  that t]lc original

rcqllire]ncltts o r  l)roperties arc IIot viola  tcxl I)y ally fut IIIfI cl IaIIRcs t o  tile software. 111 addition t o

facilit  s t i ng  k’erificatioli  t a sks ,  tllc forlllal sl)ecificatiolls call l)c IISN1 as tlic Lasis  f o r  ally autolnated

~)roccssilig  of tllc requirelllellts, illcludilig clicclis  for  collsistcllcy and colilplc’tcllcss.  ]Ilteraction Jvitll tllc

requirelnellts  a]lalyst and other  IIICIIIIKCS of tllc ori~itlal  dcvclol)lncnt  teal[l  for the p r o j e c t  s t r o n g l y

sul)port tlie collclusic)]l t h a t  tllc sl)ccificatioll construction  l)roccss  i s  useful  t o  tllc overall  softrvare

develo})l[lcllt  and IIlaintellalice procmscs  of lqqacy  (safety-critical) systellls [8].

l’uturc it,vcstigations  will collti[luc to refitic  tllc ]Ili(l-lc’ve]  and  II igl l - level  specif icat ions and  dfIVelop

tlleorelns to relate tile lfIvels of spccificatio]ls. ~1’c tvill colltitluc to investigate  the use  of alltolllatcd tecll-

]Iiqucw to revc’rsc engineer  specifications frolil  code using a dccivatiollal a})})roacll  [5]. I’ecllllical  reports

and Olllf’i’  papers rclevallt to this project IIlay bc folllld  by brolvsillg  tile Jvorl{l-w’ide W’ch site for tile Soft-

w’arc  l;llgitleering I{escarc]l  (;roup  at hfichigan State II flivcrsity,  http: //web. cps .msu. edu/-chengb/serg  .html.
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rJalllc

at tit 11(1( ’-( ’I”J’OI’
bypass

folll’-fi  1’(’
lJllas[~_l)lall(’_accel

rot -jet  -clil(l
rat (’-C I’1’OI’
rat(’-lilllit

Illlclesile{l-acc[’l

rot -jet _cllld

l)csctil)tioll

I l l ] ) ( I t s

110(1~  i) JJ~lC(’J”l”OI”

o1)QII-1001)  control, I)y a x i s ,  (I=o})c]t

loop)
lila~tiitudc of (lca(ll)all(ls
~tlagtlitudcs C)f (’Ilallgcs ill vehicle

aIIgula I rate duc to XOII)S  l/(~S firing
cotllll]alld
rate (Ial)l})itlg  flag

ma~tlitud(’ of averag(’  control accclcl-
atioll avail al)]c foreacll  a x i s ,  scaled  for

])liase ~)lalle usc

flag iti(licatiilg  t h a t  ])rittiary  jets arc

l~cillg used  for colitro]

1{(;S  (I{cactioll  (k)lltrol  System) Inmlc
itldifator

rolatioll c{)ltllllall(l  fcolll  })revious  c~cle

I)ocly angular rate error

ll)a~[litudes  ofratc e r r o r  lilllits

t o t a l ull(lesire(l l)c)(ly angular

accclcratioll

ollt])uts  ‘-

‘desired angular  rate (Iata
lJOI’ plilllal’y: Coltllllall(l  to fil”(’ plus
or lllitlus  j e t s  01 110 jots. 1’01  Vcrliier:
colIllllaTld to fire 1)111s or Illillus jets, no

j e t s ,  0] Wciglltccl ‘“}jlc’fclclllcc’” for off-
axis cot II1t IaTlcls.

B Low Level Formal Specifications

‘1’his  scctioll contaiils tllc “as-l) uilt?’ sl)~’cificalio]ls, \VIIcrc  tlleie is a direct corrcsl)ollde])cc  to tile 1)1’1)

diagrams. Also included ale tllc sl)ccificatiolls dcsclil)ing tllc calculation for tlic boundaries  (sl-s 14)

of  tllc difl(’lent  regions  of  tllc I)lIasc l)lanc. l’igurc 15 ~ivcs  tllc l,CVCI 2 1)1’1) for tlIe Phasellane,

w’l)elc the contrc)] actions fc)r five rcgio[ls  arc calculated, tllc I)oull(!acy  values arc exl)licitly ca lcu la ted

at this level.  Notice tl)at l’igurc 1(I IIas OIIC child diagraltl for tllc ])roccss  la bclc(l “r(~gion2. ” Reg ion  2

corrcspo]lds  to  tllc 1)11’1)  sllowlk iii l’igucc  16. ‘lllIC control logic for Region  2 i s  ]I~uclI ~l~o]ccol[il)]icatc’(1

and colrcs~)ollds  to a series of ~lcstcd alternative statcllletlts. ltcgioll 2 is  decompcmd into three Inorc

rcgiolls, \VheKI  tlleinl)ut values alcllla(lcl ll)c)ft  )c)llllcl:lry  Values dclcrlnilled by ,$11,  extcrllal input.  ‘1’his

Inodulc g e n e r a t e s  a value for  tllc t}lrustel coltll[latld  (w-.j(/_clr[d).  l’iguce  16 fuctller K’fiIIcs  Region  2

t o  tllrce IIlOIe  d~tailed rcgio]ls.



l“igul’r

External Input
Variables

T,: I,c\-cl 2 1)1’1) for PhaseF’lane, dctailitl~ calculations o f ro] actiorls  [or five rcgiolls

,4,  $,,,,,,,,,,,, ,,, ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,,LkkLL(,LLLLLLLL LOLL<,,,,,  ,,,,,,,,,,,,,,,, ,,, ,,. ,,,,,,,, ,,,,,, ,.. ,///// ////1///1//////////////1///////////////,,
Module : Phase Plane ;

%
Author: Betty H.C. Cheng z

Brent Auernheimer z
%

Created On: Tue June 22, 1993 %

%
Last Modified By: Brent Auernheimer %

%
Last Modified On: Fri July 23, 1993 x

x

%
7, This theory is a specification for regions as defined in Table 4.2.2 .2.2.1
Z in PVS for the Phase Plane component.

%,,
7.

%

1 STS 83-0009D

% 01-21

Y. Dated: February 13, 1991

7!

z
types : THEORY EXPORTING ALL BEGIN

%
,,, ,44,4,,,,,,,  ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, **,
1/1//  ////////////////1//////11/1////////////////000,  ,,, ,,, ,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,! !,,,,,,

z %

z TYPE DECLARATIONS %



External Input
Variables

Calculate control~/
for Region CS

l’igure 16: l,c~rel 3 1 )111) for Phase _Plane

., .,
1. 7.
,,, ,,,  ,,,  ,,,  ,,, ,,, ,,, ,,,  ,,, ,,, , ,,, ,,, ,,, ,,, ,,, ,,4/1/// 11///////1/111111/1/////1///11/////111/1//1,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,,

rotation: TYPE = {roll , pitch, yaw}

scalar _direct ion: TYPE = {x: real I -1 <= x t x <= 1} COMTAIti ING O
scale _fact Or: TYPE = {x:real I O <= x & x <= 1} CONTAINING O
rate- err Or_type  : TYPE = [rotation -> real] % units are deg/s

attitude _error_type: TYPE = [rotation -> real] Z units are degrees
dead band_type : TYPE = [rotation -> real] % magnitudes of

% attitude deadbands
desired _angular_rate : TYPE = {z: reall -5 <= z & z <= 5} CONTAINING O

scalar _rotation-d  irection:
TYPE = [rotation -> scalar-direction]

undesired _ang_accel-type :

TYPE = [rotation -> real]
phase_ plane_ accel_type:TYPE = [rotation -> real]

deltav.minimp_type  : TYPE = [rotation -> real] I

z

x
fOrce_f  ire_type : TYPE = [rotation -> bool]

magnitudes of changes
i n vehicle ang. rate due

to 80 ms RCS firing command

% rate damping flag

%(from Rot-disc)
rate -error_ limit _type:  TYPE = [rotation -> posreal]
tuple_type  :

ENO types

i_loads:  THEORY

TYPE = [scalar_ direct_ion,

desired_ angular_ rate, bool]

EXPORTING ALL BEGIN

.,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, , ,,, ,,, ,,,///// //////////////1/11/11////////////////1/////, ,0,  ,. .0..,,  ,,, ,,, ,,, .,, .,, ,,, ,,, ,,, ,,, ,,, ,,, ,,,

x x
%4 CONSTANT DF.CLARATLONS %
z ‘L

25



,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,$$,  ,$,  , . . . . . . . . . . . . . . . . . .1111111111 lillllllll 1111111111 1111111111  llllllkk., ..,..,,,,,  ,,, ,,00  .,,,, ,,, ,,, ,,, ,,, .,, ,,, ,,, ,

IMPORTING types

% The following are from the I-LOAO Table (4.2.2.2.2-5)

wfrate:  scale _fact Or % Scale factor for off-axis vernier preference

whigh: real % upper target rate error for TVC crossfeed

W1OW: real % lower target rate error for TVC crossfeed

lrl_tvc:  real Z TVC lower rate limit from I-load table

kledge : real % don)t know what this is - see page 4-183

END i_loads

z

null s_and_undefineds : THEDRY EXPORTING ALL BEGIN

% notased, null and undefined values used in the specification

notused:  real Z used in definition of S4
null : real % null value

undefined: real % null value

END nulls_ and_undefineds

%

ext.? rnal_lnputs  : THEDRY EXPDRTING ALL BEGIN

IFIPORTING types

,!, .,,,,,,,,,,.,,, ,,, ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, ,,, ,,, ,
/ /11///1/1//1 1111/ /11/111111/1////////////1//(,, ),, ,,, ,,, ,,, ,,(. /. . .,....,,,,,,,,,,  ,,, ,,, ,,, ,, . . . .

‘1 External inputs: %
,,, , .  .  .. $****.! t**. *ooo o,,,,,, ,,, .,**  444*  *1*#  *O,  ,
LLLl.LLl.LLLLkL  LLk/.l.LLLLLLLL  LLLLLL/,k  Ll.LLi  LLkk/./,LLLL

prev_rot,. jet_cmd:
~calar-r  Otati On_di rect iOn

bypass : bool
u_d: undesired. _ang_accel_type

u_c : phase_ plane_ accel_type
db : deadband-type

fOrce_fire: fOrce_fire_type
rcs : bool

Omega_e  : rate _errOr_type

theta_e : attitude _error-type
rl : rate -errOr_limit_type % magnitudes of rate error limits

primary _vernier-sw:  bool
Omega_min  : deltav-minimp_type Z (local name) msg. of changes in

END external _inputs

%

utility _functions:  THEORY

sign(x:  r e a l ) : i n t e g e r

Z vehicle  ang.  rate due to 80 ms
)( RCS firing  command

EXPORTING ALL BUT non_neg_real  BEGIN

IF X >= O THEN 1 ELSE -1 ENOIF

ab~(x:  r e a l ) : real  = If x < 0 THEN -x E[. SE x ENDIF

non_neg_real  : TYPE = {r: real I r >= O} CONTAINING O
sqrt : [nOn_neg-real->  nOn_neg_reall

sqrt : AXIOM FORALL (x, y: non-n eg_real)  : x*x = y IMPLIES x = sqrt (y)

END utility _functions



z

x_and_y : THEORY EXPORTING ALL BEGIN

IMPORTING types, external _inputs, utility-functions

% xl and x2 are local variables used in Figure 4,2,2 .2.2-2

xl (r: rotation): real = sign(omega-e(r))  * theta_e(r)

x2(r: rotation) : real = abs(omega_e(r))

z yl and y2 are local variables used in Figure 4.2.2 .2.2-3

yl(r: rotation): real = sign(u_d(r)) * theta_e(r)

y2(r: rotation) : real = sign(u_d(r  ))*omega_e(r)

END x-and_y

x

switch ing_lines:  THEORY EXPORTING ALL BUT se, u_cp, kl , c BEGIN
ItlPORTING  types, external _inputs, utility-functions, i_loads,

nulls _and_undefineds, x_and_y

,,, .,,,,,,,,,,,.  .,,,,  .,,...,.,,,, ,,, ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,////////////////11 lllllfffffflll/  ///// /fl//l////l/l/l  f/n,,, .,.,..., .,, ,,, .,,...  , .,,,,,,,,, ,,, ,,, ,,, ,, ,,, ,,, ,,, ,, ,,,

~ Specification of switching lines (Table 4.2.2.2.2-3) 1
0 .,,,,,,,,,,,,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,
LLl. LLLl. Lkk LkkLLLk  LLL/,LLkLLkLLLL  LLLLk LLLLLLLLLLLLkLL  LLLLLk L

% se is defined in the note at the bottom of Table 4.2.2 .2.2-1

‘A

se(r: rotation~. real = sign(Omega_e(r))

% u-Cp, kl, ant) c are defined in the note at the bottom of Table 4 .2,2,2,2-3

x

.,-c.~(r: rata’. io.~) : real = u_c(r)-sign  (omega_ e(r) )*u_d(r)

k“: :re<l = IF primary _vernier_sw  THEN kledge ELSE O

c(r:r.~tat ion): real =
IF abs(prev_ro t-jet _cmd(r))  /= 1

% note that the arguments to SI need to be either x2

ENOIF

THEN 125/100 ELSE 1 ENDIF

or y2

x
Sl  ( s :

52 (S:

53(1:

S4(I:

S5(I :

[rotation -> real] , r: rotation): real = (s(r) *s(r) )/(2* u-cp(r))+db(r)

[rotation -> real] , r: rotation): real =

(c(r) *s(r) *s(r) )/(2* u.cp(r)) - (i2/iO)*db(r)  - kl

rotation) : real = rl (r)

rotation) : real =

IF not primary -vernier_sw THEN 8/10* rl(r) ELSE notused ENDIF

rotation) : real =
IF not rcs
THEN lrl_tvc

ELSIF not primary _vernier-sw THEN (6/10 )*rl(r)
ELSIF rl(r)-2*omega_min  (r) >= (2/100) THEN rl(r)-2*omega_mir~  (r)

ELSE (2/100)
ENOIF

~ no S6 in the requirements

% the -1 and +1 are explicit to reflect “K” in the requirements
,,
1,
s7 (I: Iotation):  real =

IF y2(r) >= O THEN -1 * (sign (y2(r))*y2 (r)*y2(r)  )/2*u_cp(r)  -db(r)

ELSE (sign (y2(r))*y2 (r)*y2(r) )/2*u_cp(r)  -db(r)

ENOIF
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% S8 is the negation of S3

z
s8(r: rotation) : real = -rl (r)

\ no 59 in the requirements

slO(r: rotation) : real = (c(r) *y2(r)*y2( r))/(2*u_cp(r)) + (12/10

z

!! the requirements for s1l imply a two step specification

%
sll_parti  (r: rotation) : real =

IF (((-12 /iO)*db(r)-kl <= yl(r))  & (yI(r) < -(i/2 )*db(r)
THEN O

ELSIF (-(1/2 )*db(r) <= yl(r) & (yI(r) <= slO(r))) & rcs

*db(r) + kl

) OR (not rcs)

THEN -sqrt(2*abs  (u_d(r))*(yl (r) + (i/2) *db(r)) )+omega_min(r)
ELSE undefined

ENDIF

sii (r: rotation): real =

IF sli_partl(r) > 0 THEN O

ELSIF sll_partl(r) < -rl(r)  + omega-min(r)

THEN -r] (r) + Omega_ rein(r)

ELSE undefined %????

ENDIF

% nu s12 or 513 in the

514(r rotatio. a) : real

i’f D swl-cching_?ines

v

dis; #.,lnce_R!  rsteresis _

requirements

= (y2(r)*y2(r) )/(2* u-cp(r))+db(r)

logic: THEORY BEGIN
:MPOP.:.  JG Cypes, utility _functi  Ons, x_and_y,  switch ing_lines,

external _inputs

,,, ,,, ,,, ,, ,,, ,,, ,,, ,,, ,,, ,,88 yy~yyyyyyy  yyyy~y~yyy  yyyyyyyyyy  yyyy~yy//////////1///1// /1/////////,. .,.,,,,,,,, ,,, ,,,, ,,, .,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,,
x :(

I These three function calculates disturbance regions defined in z

~ Table 4.2.2 .2.’2-2 These values are used to define Region 2 I
~ as defined in Table 4.2.2.2,2-1, and its output are values z
z for rot_jet_cmd !!
)!
*  4,4,,,,,,,,,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,4  ,44,,,  ,,, ,,, ,, ,0,,,,,  ,,, ,,,/1111111111111/  111111111/11111  111111//11111/1 //11111111/111/  /1l1l!.,, ...,,,,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,, .,,, ,,, ,,,
Xxziil!xzxxrkxz
X Region CS 7,
ZZZX!!ZY,’A’L’A%ZX
region-cs(r: rotation) : real =

IF rcs THEN sign(u_d(r))  ● wfrate

* ((sll (r) - y2(r))/(rl(r) + sll (r)))
ELSE O ENDIF

Zzzzxxzzxrkx%’k
X Region HSI ~

Y.’/A’/.’/.’/.’/.’A’L’LrLxrk
region_  hsl (r: rotation) : real =

IF prev_rot_j et-cmd(r)  = -sign (u_d(r)) THEN null

ELSIF NOT rcs THEN O
ELSIF force_ fire(r) THEN -sign (u_d(r))
ELSE -sign (u-d(r)) * wfrate

* ((y I(r) - sii(r))/(rl  (r) - sll (r)))
ENOIF



% Region HS2 Z

Zz’/!x’Lxx’LxrLzri
region _hs2(r: rotation) : real =

IF prev. rot-j et_cmd(r) = sign(u_d(r)

ELSIF NOT rcs THEN O

ELSIF force_ fire(r) THEN sign(u_d(

ELSE sign(u-d(r)) * wfrate

THEN null

))

* ((sll (r) - y2(r))/(rl  (r) + sll (r)))
ENOIF

,,, ,, ,4,4,,,,  ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, , ,,,l///l 11/1/11/1111111  /1111////111111 11/11/1///////1 11//11//11///11  lll0,, ..,,,,,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,

x z
z Main control logic for determining disturbance hysteresis regionsx

z %,,, ,,, .,0,,,,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,//ll/lf///l/lll 11111/1///11111  111///1//1/1111  1111111111111/1  lllll/ll,,, ,, !,,,,,,, ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, , ,,,

disturbance _hysteresis-p-p- regions (r: rotation) ; real =
IF ( s2(x2, r) <= yl(r)

& yi (r) <= s7(r)

& y2(r) >= O

& y2(r) <=s3(r))

OR ( si4(r) <= yl(r)

& yi(r) <= slO(r)

& y2(r) >= s8(r)
& y2(r) <= sli(r))

THEN region_ es(r)

ELSIF

( s7(r) <= yl(r)
& yl(r) <= sl(x2, r)

k y2(r) >= O
& y2(r) <= s3(r))

g~ ( s’((r) <= yl (r)

& yi(r) <= slO(r)
1 ,j2(r)  >= sll (r)

& J2(r) <= 0)
THEN region_ hsl (r)

ELSIF

s7(r) <= yl (r)

k yl[r) <= s14(r)
& y2(r) >= s8(r)

& y2(r) <= sil(r)
THEN region-hs2(r)

IiLSE null
ENOIF

END d i s t u r b a n c e _  h y s t e r e s i s _  l o g i c

Z

control _ actions-by-region : THEORY BEGIN
IMPORTING types, external _inputs,  switch ing_lines, disturbance -hysteresis _logic

,,, ,, .,..,,., ,,, ,,, !,,,,,,, ,,, ,4,,,.,,,, ,,, ,,, ,,, ,,, , ,,, ,, ,4,,,,4,Lkhkkk LkLkk LLk LkLLl,LLLLLLLLL LLLLLLkkk  Ll, LLLl, LLLLLLLLLLk LLLLLLLLLLL
2 z
Z Main function for control logic for phase plane calculations: Z

% yields three values: (rot _jet-cmd(r), wed(r), force fire(r)) %

% %
~ This function specifies Table 4.2.2.2.2-1. z

z x
.,, ,,, .,,,,,, ,,, ,,, ,,, ,,, , ,,, ..,,,,,,,,  ,,, ,,, ,,, ,,, , ,,, ,,, ,,, ,,, ,LLLLLLLLkl/l  //l// /l/// l/l/l ff/////ll/ 111111/11/1//1/  l1//lll/f//fl!,, !!,,,,,,, ,,, ,,, ,,, ,,, ,,, .,,,.,,,, ,,, ,,, ,,, ,,, ,,, ,,, ,,

cOntrOl_acti Ons ( r :  r o t a t i o n )  : tuple_type =

IF bypass THEN (prev_rot_j  et_cmd(r) , 0, force_ fire(r))

Zzxzzzxz)ir)z



% Region 1 %

ZXXXXXZZIZZ7.
ELSIF xl(r) > sl(x2, r) OR x2(r) > s3(r) THEN

IF xl(r) <= s3(r)

THEN ( - s ign  (omega_  e ( r ) )  ,  - se ( r )  *  W 1 O W,

E L S E  ( - s i g n  ( o m e g a _  e ( r ) )  ,  s e ( r )  *  whigh,

ENDIF

xxzzzxzxz’Lx’L

Z Region 2 Z

Xiiiizzxzzz%’k’11
ELSIF s2(x2, r) <= Xi(r)

& xl(r) <= sl(x2, r)

& x2(r) <= s3(r)

false)

false)

% disturbance_ hysteresis-logic function specifies rot-,

%wed=O

THEN (disturbance-hy  steresis_p_p_regions  (r) , 0,

xxxzzzzxz%lk’l!  %’Lx171xx
% Regions 3, 4, 5 %

Xzzzzzxzxrkxl’kx%’llxx

ELSIF xl(r) < s2(x2, r)

XZzzzzzzxrkx
Z Region 3 Z

Xzzzzxzxxrk’l!

et-cmd va” ue

false)

THEN IF x2(r) < s5(r) THEN (sign (omeKa_e(r))  , se(r) * W1OW, false). .
XXZX’LYXZX%’L’A’L’L’L’A
Z Regions 4, 5 Z

Zxzxzxxzx%’kxzzz%

ELSIF s5(r) <= x2(r) THEN

zzxzxxzxxrLzrkzxz?: rkrLxz
:( Regi or, 4 , 5 (case a) Z

xzzxxxxxxrLzzzzlzxrLrLxx
IF x2(r) <= s3(r) THEN

IF primary -vernier_sw THEN (O ,se(r)  * W1OW, false)

:4xxzxzzzxrLxx7.  xY:Lzzxz
% Region 4 (case b) %
x:!%xxxzxxz7.7.7:L7.  rL7.7:Lx

ELSIF s4(r) <= x2(r) THEN

IF prev_rot_jet_cmd (r) = -se(r)
THEN (prev-rot_jet_cmd  (r) , 0, false)
ELSE (se(r) * wfrate * ((((8 / 1.0) * rl(r))

- x2(r)) / (2 / 10) * rl (r)), O, false)

ENDIF

xzzzxxxzz7:LxrL7. rLzrL7.
I Region 5 (case b) %

zzxxxzxxzrLzrLxrLzrLz
ELSE % x2(r) < s4(r)

IF prev_rot_j et_cmd(r)  = se(r)

THEN (prev-rot_jet_cmd  (r) , 0, false)

ELSE (se(r) * wfrate * (((8 / 10) * rl(r)
- x2(r) )/(2 / 10) * rl (r)), O, false)

ENOIF

ENOIF
ELSE (prev-rot_j  et_cmd(r) , 0, false)
ENOIF

ELSE (prev_rot_jet_cmd (r) , 0, false)
ENOIF

ELSE (prev_rot_j  et-cmd(r) , 0, false)
ENDIF

ENO control _actions-by-region
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