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PREFACE 

One of the major findings in the AGARD Flight Mechanics Panel (FMP) AGARDograph No.279, "Survey of Missile 
Simulation and Flight Mechanics Facilities in NATO", by Willard M.Holmes, was the fact that, "Notably missing from a vast 
majority of facilities were any established or formal procedures for accomplishing any level of simulation model validation." 
The AGARD FMP felt this omission warranted further action and subsequently recommended the formation of Working 
Group 12, "Validation of Missile System Simulation". 

Once approved by the AGARD National Delegates, Working Group 12 held four meetings over the 1982— 1984 time 
period as follows: (a) 21 October 1982, London, England; (b) 5—6 May 1983, Munchen, West Germany; (c) 24—26 
October 1983, Eglin AFB FL, USA, and finally (d) 27—29 March 1984, Paris, France. 

This report documents the working group findings. The working group consisting of Mr M.J.Douat, France; Mr Werner 
Bub, Germany; Mr Klaus Hausel, Germany; Mr Karl Ernst Piatt, Germany; Mr Amilcare Gazzina, Italy; Mr B.J.Wanstall, 
United Kingdom; Mr D.Hyde, United Kingdom; Dr Willard Holmes, United States; Mr Lawrence Byrd, United States 
(representing the AGARD Guidance and Control Panel), and Mr Ronald Anderson, United States. 

RONALD O.ANDERSON 
FMP Member 
Chairman, WG-12 
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I .  INTRODUCTION 

The AGARD Fligh t  Mechanic s Pane l  (FMP )  ha s bee n concerne d wit h th e 
proble m o f  missil e simulatio n i n general ,  an d cooperativ e NATO 
development s o f  missil e syste m simulations ,  test ,  an d evaluatio n a s 
relate d t o missil e syste m fligh t  mechanic s i n particular .  A s a  result , 
th e FMP sponsore d a  surve y o f  missil e simulatio n facilitie s reporte d i n 
AGARDograph No .  279 ,  "Surve y o f  Missil e Simulatio n an d Fligh t  Mechanic s 
i n NATO, "  b y Willar d M.  Holmes ,  Apri l  1983 .  On e o f  th e ke y finding s i n 
thi s surve y wa s tha t  ver y littl e effor t  i s  bein g expende d i n missil e 
simulatio n validation .  Furthermore ,  validatio n technique s themselve s 
ar e generall v no t  standard ;  ofte n bein g ill-define d o r  undocumented . 

Thi s fac t  motivate d th e formatio n o f  FMP Uorkin g Grou p 12 , 
"Validatio n o f  Missil e Svster i  Simulation. "  Thi s repor t  document s th e 
grou p findings . 

Althoug h ther e i s n o shortag e o f  referenc e materia l  o n missil e 
simulation s pe r  se ,  ther e seem s t o b e n o "history "  o n th e subject ,  lik e 
th e manne d simulatio n community ,  (e.g. ,  Th e Pilo t  Maker ,  b y Floy d L . 
Kell y a s tol d t o Rober t  B .  Parks ,  Grosse t  an d Dunlap ,  1970) .  Th e manne d 
simulatio n world ,  founde d firs t  i n trainin g simulator s an d late r  i n 
researc h an d developmen t  simulators ,  i s  als o jus t  no w realizin g th e nee d 
fo r  simulatio n validation . 

Perhaps ,  i n bot h cases ,  th e evolutio n o f  simulatio n equipmen t  fro m 
extremel y crud e mechanica l  device s t o moder n electroni c "arcad e gam e 
simulators "  happene d s o fas t  tha t  i t  i s  onl y recentl y tha t  peopl e bega n 
t o ask ,  "D o the y reall y work" ? Or ,  perhap s th e earl y equipmen t 
reliabilit y  problem s wer e suc h tha t  everyon e wa s quit e happ y i f  th e 
simulatio n appeare d t o b e "working" ,  le t  alon e providin g "useful " 
results . 

I n an y event ,  time s hav e changed ,  an d i n bot h manne d aircraf t 
simulation s an d missil e simulation s th e questio n o f  validatio n i s 
becomin g o f  mor e an d mor e seriou s concern . 

But  wher e doe s on e star t  i n term s o f  definin g ho w t o validat e 
missil e simulation s whe n fe w organization s d o an y forma l  validatio n no w 
and ther e ar e n o agree d upo n standard s whatsoever ? Thi s wa s th e 
extremel y broa d an d difficul t  questio n th e workin g grou p ha d t o 
repeatedl y as k itself . 

Afte r  a  numbe r  o f  fals e starts ,  th e workin g grou p conclude d tha t 
th e mos t  importan t  objectiv e wa s t o fin d a  "method "  o f  organizin g 
simulatio n validatio n technique s rathe r  tha n a  collectio n o f  actua l 
methods .  I n addition ,  th e concep t  o f  "confidence "  i n missil e 
simulation s bega n t o pla y a  dominan t  rol e i n th e grou p thinkin g fro m th e 
ver y star t  o f  th e activity .  Tha t  is ,  th e purpos e o f  th e validatio n wa s 
as importan t  as ,  o r  perhap s mor e importan t  than ,  th e method s themselves . 
I n addition ,  man y o f  th e thought s o n validatio n method s seeme d muc h 
easie r  t o organiz e i f  on e though t  i n term s o f  developin g confidenc e i n 
th e behavio r  o f  a  simulate d model .  Therefore ,  a  perhap s large r  portio n 
of  th e grou p effor t  wa s expende d o n a  hierarchica l  mode l  representatio n 



of  Confidenc e Leve l  i n Mode l  Behavio r  (CLIMB )  tha t  include d documenta -
tio n tha t  i s  integra l  t o th e tota l  proces s t o insur e "confidence "  i n th e 
fina l  result .  I n fact ,  thi s documentatio n may instil l  mor e confidenc e 
tha n originall y envisioned .  Thi s "organizatio n o f  thought "  provide s on e 
of  th e majo r  portion s o f  th e grou p fina l  results . 

The remainde r  o f  thi s repor t  i s  organize d a s follows .  A 
Terminolog y Sectio n i s provide d t o includ e som e fundamenta l  definitions . 
Whil e no t  intende d t o b e "final" ,  thi s sectio n present s a  good ,  star t  o n 
a standar d se t  o f  terms .  Th e nex t  sectio n o n th e CLIM B proces s form s 
th e hear t  o f  thi s repor t  an d i s b y fa r  th e mos t  importan t  contributio n 
th e grou p coul d provid e withi n th e tim e spa n available .  Hopefully ,  thi s 
sectio n wil l  for m a  basi s fo r  furthe r  wor k i n th e are a plu s a 
stand-alon e star t  towar d a  unifie d approac h t o missil e syste m simulatio n 
validation . 

The nex t  sectio n o n Compute r  Language s coul d als o b e a  separat e 
workin g grou p topic ,  bein g onl y touche d upo n here . 

Next ,  a  brie f  sectio n o n Softwar e Validation/Verification / 
Assessmen t  Method s follows .  Thi s sectio n coul d easil y b e th e foundatio n 
of  a  workin g grou p repor t  b y itself ,  bu t  thi s tas k wa s clearl y beyon d 
th e two-yea r  effor t  o f  th e presen t  activity . 

Finally ,  overal l  recommendation s ar e presented .  A s migh t  b e 
expected ,  th e extremel y difficul t  subjec t  ha s le d t o a  numbe r  o f 
suggeste d follow-o n activitie s fo r  FMP consideration . 

Throughou t  th e workin g grou p activity ,  th e member s wer e extremel y 
conscientiou s an d devote d t o thei r  task .  Eac h meetin g generate d a  moun d 
of  documentatio n t o b e share d b y th e othe r  member s prio r  t o th e nex t 
meeting .  Thes e notes ,  o r  "homework" ,  ar e to o voluminou s t o reproduc e 
here ,  however ,  th e informatio n wa s invaluabl e i n th e developmen t  o f  thi s 
fina l  repor t  an d i n formin g th e thought s o f  eac h grou p member .  Th e 
members themselve s represente d on e o f  th e mos t  professiona l  group s th e 
Chairma n ha s eve r  bee n associate d with ,  an d hopefull y thi s fina l  repor t 
reflect s thi s fact .  I f  not ,  th e proble m wa s th e shee r  complexit y an d 
difficult y associate d wit h th e workin g grou p tas k an d no t  th e qualit y 
and enthusias m o f  th e member s themselves . 



II .  TFRMINOLOGY 
2. 1 INTRODUCTION 

The followin g genera l  terminolog y wa s adopte d b y th e workin g group . 
Thi s terminolog y i s a  somewha t  modifie d versio n o f  th e lis t  tha t  appea r 
i n th e Marc h 197 9 issu e o f  SIMULATION : 

To provid e a  prope r  framewor k t o revie w th e credibilit y  o f  a 
simulation ,  i t  i s  convenien t  t o divid e th e simulatio n environmen t  int o 
thre e basi c element s a s depicte d i n Figur e 2-1 .  Th e inne r  arrow s 
describ e th e processe s whic h relat e th e element s t o eac h othe r  an d th e 
oute r  arrow s refe r  t o th e procedure s whic h evaluat e th e credibilit y  o f 
thes e processes .  Thi s basi c pictoria l  concep t  ca n b e furthe r  refine d a s 
shown i n Figur e 2-2 : 

Each o f  th e basi c element s an d thei r  interrelationship s ar e deal t  wit h 
i n th e followin g se t  o f  definitions : 

2. 2 DESCRIPTIO N OF TERMINOLOGY 

MISSIL E SIMULATIO N 

MODEL DOCUMENTATION 

REALITY 

CONCEPTUAL MODEL 

Al l  analvtical ,  digita l  computer , 
hybri d computer ,  o r 
hardware-in-the-loo p dynami c 
evaluation s o f  tactica l  missile s t o 
gai n insigh t  abou t  realit y 

Systemati c an d coheren t  writte n an d 
graphica l  representatio n o f  th e 
associate d dat a bas e accordin g t o a 
specifie d forma t  an d wit h a  specifi c 
purpos e 

An entity ,  situation ,  o r  syste m whic h 
has bee n selecte d fo r  analysi s 

Model  builder' s perceptio n an d 
understandin g o f  th e syste m t o b e 
simulated .  I t  consist s o f  a 
hypothetica l  complet e explanatio n o f 
how th e syste m functions .  I t  ofte n 
take s th e for m o f  verba l  description , 
complemente d b y bloc k diagrams ,  flo w 
chart s an d system s specifications . 
I n mos t  cases ,  th e larg e complexit y 
of  th e conceptua l  mode l  preclude s it s 
consideratio n a s a  possibl e 
simulatio n model .  I n vie w o f  th e 
requirement s o f  th e intende d 
simulatio n studies ,  th e modele r 
establishe s th e complexit y o f  th e 
simulatio n mode l  an d degre e o f  detai l 
necessary .  Thi s information , 
generall y i n descriptiv e (verbal ) 
form ,  complemente d b y bloc k diagram s 



and flo w chart s constitute s th e 
Conceptua l  Simulatio n Mode l  o r 
abbreviate d t o Conceptua l  Model .  A t 
th e sam e time ,  thi s represent s th e 
requirement s o n th e forma l  simulatio n 
model 

The forma l  mode l  provide s th e 
technica l  descriptio n o f  th e 
simulatio n model .  I t  take s th e for m 
of  mathematica l  equations ,  adequat e 
descriptio n o f  logi c flo w an d mode l 
data ,  complemente d b y th e necessar y 
detaile d text .  Bot h th e conceptua l 
and th e forma l  mode l  togethe r  for m 
th e theoretica l  mode l 

DOMAIN OF INTENDED APPLICATIO N 
(OF CONCEPTUAL MODEL) 

Prescribe d condition s fo r  whic h th e 
CONCEPTUAL MODEL i s intende d t o matc h 
REALITY 

LEVEL OF AGREEMENT 
(OF CONCEPTUAL MODEL) 

MODEL QUALIFICATIO N 

Expecte d agreemen t  betwee n th e 
CONCEPTUAL MODEL an d REALITY , 
consisten t  wit h th e DOMAIN OF 
INTENDED APPLICATIO N an d th e purpos e 
fo r  whic h th e mode l  wa s buil t 

Determinatio n o f  adequac y o f  th e 
CONCEPTUAL MODEL t o provid e a n 
acceptabl e LEVE L OF AGREEMENT fo r  th e 
DOMAIN OF INTENDED APPLICATIO N 

Thi s may involv e a  compariso n o f 
alternat e method s o f  missil e 
simulatio n t o establis h credibilit y 
wit h tw o o r  mor e independen t  dat a 
set s o r  result s 

COMPUTERIZED MODEL 

MODEL VERIFICATIO N 

An operationa l  compute r  progra m whic h 
implement s a  CONCEPTUAL MODEL 

The proces s o f  showin g tha t  th e 
propose d conceptua l  an d th e 
associate d forma l  mode l  ar e a n 
adequat e an d consisten t 
representatio n o f  th e syste m t o b e 
simulated ,  al l  i n vie w o f  th e 
intende d application .  Th e metho d 
use d i s basicall y exper t  critique , 
whic h make s us e o f  expertis e an d pas t 
experienc e i n orde r  t o asses s th e 
adequac y o f  th e conceptua l  mode l  an d 
th e derivatio n o f  th e forma l  model . 
Suitabl e documentatio n shoul d allo w 



followin g an d understandin g th e idea s 
of  th e mode l  builde r  i n derivin g th e 
theoretica l  mode l 

DOMAIN OF APPLICABILIT Y 
(OF COMPUTERIZED MODEL) 

RANGE OF ACCURACY 
(OF COMPUTERIZED MODEL) 

IMPLEMENTATION 

Prescribe d condition s fo r  whic h th e 
COMPUTERIZED MODEL ha s bee n tested , 
compare d agains t  REALIT Y t o th e 
exten t  possible ,  an d judge d suitabl e 
fo r  us e (b y MODEL VALIDATION ,  a s 
describe d below ) 

Demonstrate d agreemen t  betwee n th e 
COMPUTERIZED MODEL an d REALIT Y withi n 
a stipulate d DOMAIN OF APPLICABILIT Y 
The proces s o f  programmin g th e forma l 
model  o n a n adequat e computer .  I t  i s 
recommended t o appl y softwar e 
engineerin g method s suc h a s top-dow n 
design ,  structure d programming , 
top-dow n implementatio n an d testing , 
etc . 

PROGRAM VERIFICATIO N 

MODEL VALIDATIO N 

ASSESSMENT 

The proces s o f  demonstratin g tha t  th e 
forma l  mode l  ha s bee n correctl y 
implemente d o n th e computer .  Thi s 
include s sourc e cod e inspections , 
cod e wal k through s an d test s o f  th e 
model  behavio r  predicte d o n th e basi s 
of  th e theoretica l  mode l  (analytica l 
solutions ,  behavio r  fo r  smal l 
signals ,  etc. ) 

The proces s o f  demonstratin g throug h 
objectiv e testin g tha t  th e 
theoretica l  mode l  an d it s 
implementatio n for m a n adequat e 
representatio n o f  th e syste m t o b e 
simulated ,  judge d i n vie w o f  th e 
intende d application .  Mode l 
generate d outpu t  dat a ar e bein g 
compare d agains t  actua l  dat a obtaine d 
by experiment s performe d o n th e rea l 
syste m 

The proces s o f  applyin g subjectiv e 
judgmen t  (i.e. ,  exper t  opinion )  t o 
arriv e a t  conclusion s concernin g th e 
adequac y o f  th e missil e design , 
hardware ,  simulation s 
(hardware-in-the-loo p an d 
mathematical) ,  an d testin g 



CERTIFICATIO N DOCUMENTATION Documentatio n t o communicat e 
informatio n concernin g a  model' s 
credibilit y  an d applicability , 
containing ,  a s a  minimum ,  th e 
followin g basi c elements : 

(1 )  Statemen t  o f  purpos e fo r  whic h 
th e mode l  ha s bee n buil t 

(2 )  Verba l  and/o r  analytica l 
descriptio n o f  th e CONCEPTUAL MODEL 
and COMPUTERIZED MODEL 

(3 )  Specificatio n o f  th e DOMAIN OF 
APPLICABILIT Y an d RANGE OF ACCURACY 
relate d t o th e purpos e fo r  whic h th e 
model  i s intende d 

MODEL CERTIFICATIO N 

(4 )  Descriptio n o f  test s use d fo r 
MODEL VERIFICATIO N AND MODEL 
VALIDATIO N an d a  discussio n o f  thei r 
adequac y 

Acceptanc e b y th e mode l  use r  o f  th e 
CERTIFICATIO N DOCUMENTATION a s 
adequat e evidenc e tha t  th e 
COMPUTERIZED MODEL ca n b e effectivel y 
utilize d fo r  a  specifi c  applicatio n 



III .  CONFIDENCE LEVE L I N MODEL BEHAVIOR (CLIMB ) 

3. 1 INTRODUCTION 

CLIMB (Confidenc e Level s I n Mode l  Behavior )  i s  a  fiv e leve l 
hierarchica l  proces s fo r  representin g informatio n abou t  a  mode l  such , 
tha t  a  thir d part y use r  ca n readil y develo p confidenc e i n th e model' s 
behavior .  Th e casua l  observe r  o f  th e forma t  fo r  CLIM B proces s may 
conclud e tha t  thi s i s a  specia l  bu t  comprehensiv e documentatio n 
procedure .  However ,  a  close r  loo k b y th e mor e tha n casua l  observe r 
intereste d i n simulatio n mode l  developmen t  wil l  recogniz e a  hierarchica l 
dat a representatio n structur e fo r  achievin g a  specifi c  purpose .  A 
close r  examinatio n o f  CLIM B reveal s tha t  a  typ e o f  knowledg e bas e i s 
specified .  Thi s knowledg e bas e serve s a s a  guid e fo r  producin g 
informatio n an d simulatio n mode l  generate d dat a require d t o develo p 
confidenc e i n th e model' s abilit y  t o achiev e th e intende d purpose . 

The ter m "knowledg e base "  a s use d her e include s tw o components : 
fact s abou t  th e domai n o f  intende d applicatio n an d heuristic s o r  rule s 
of  thum b fo r  solvin g problem s i n th e domai n o f  interest .  A n exampl e o f 
th e fact s associate d wit h a  particula r  mode l  migh t  includ e th e 
differentia l  equation s describin g th e dynamic s o f  th e modele d process . 
Also ,  textbook s an d journal s provid e widel y share d fact s generall y 
accepte d b y simulatio n modelers .  Heuristics ,  o n th e othe r  hand ,  ar e 
"educate d guesses "  o r  rule s o f  goo d practic e acquire d b y th e experience d 
modele r  ove r  year s o f  experienc e i n developin g an d implementin g 
simulatio n models .  Thes e educate d guesse s ar e wha t  th e experience d 
model  develope r  use s a s a  guid e i n makin g man y decision s durin g th e 
model  developmen t  process .  Du e t o oversigh t  an d many othe r  reasons , 
seldo m i f  eve r  ar e th e heuristic s o f  th e modele r  reporte d fo r  a 
particula r  mode l  development .  Thi s result s i n a n inadequat e knowledg e 
bas e fo r  establishin g mode l  credibility .  Al l  experience d o r  exper t 
model  developer s hav e thei r  ow n "rule s o f  thumb "  fo r  solvin g particula r 
simulatio n desig n an d modelin g problems .  Give n severa l  equa l  viabl e 
choice s tha t  may b e availabl e t o th e modeler ,  hi s rule s o f  thum b wil l 
influenc e a  particula r  choic e i n establishin g th e basi c structur e o f  th e 
model .  Assumption s mad e i n developin g an d implementin g th e mode l 
reflec t  th e heuristic s o f  th e modeler ,  a s wel l  a s assumption s mad e abou t 
th e domai n o f  intende d application .  Establishin g credibilit y  wit h 
secon d an d thir d part y user s o f  a  mode l  require s tha t  mor e tha n jus t  th e 
fact s abou t  a  mode l  b e reported .  I n addition ,  relevan t  heuristic s use d 
by th e modele r  mus t  als o b e captured ,  i.e. ,  a  knowledg e bas e mus t  b e 
availabl e an d i n a  usabl e form . 

A majo r  elemen t  i n developin g mode l  credibilit y  i s  th e assumption s 
made b y exper t  modeler s relate d t o mode l  verificatio n an d validation .  A 
missil e mode l  tha t  i s  validate d b y goin g fro m a n analytica l  mode l  t o 
fligh t  tes t  dat a doe s no t  hav e th e sam e leve l  o f  credibilit y  a s a  mode l 
tha t  wa s validate d usin g intermediat e stage s o f  sub-syste m testin g an d 
model  validatio n combine d wit h hardware-in-the-loo p operation .  Thi s 
assumptio n appear s t o b e mad e abou t  th e hardware-in-the-loo p option , 
even i f  th e numbe r  o f  rea l  worl d fligh t  test s ar e les s tha n th e flight s 
wit h th e analytica l  mode l  option .  T f  thi s i s a  rul e o f  thum b o f  a 



modeler ,  thi s wil l  mor e tha n likel y influenc e th e structur e o f  th e 
syste m an d subsyste m model s an d th e dat a recorde d fro m th e validatio n 
tests . 

The CLIM B process ,  a s describe d here ,  ca n b e viewe d a s a  proces s 
fo r  capturin g knowledg e abou t  a  mode l  sufficien t  t o develo p level s o f 
confidenc e i n th e behavio r  o f  th e mode l  i n questio n fo r  a  particula r 
domai n o f  application .  I n addition ,  CLIM B function s a s a  practica l 
hierarchica l  knowledg e structur e fo r  identifyin g mode l  operatio n usin g 
at  leas t  thre e components :  (1 )  documentatio n format ,  (2 )  knowledg e 
bas e requirement s an d (3 )  a  guid e fo r  simulatio n mode l  developmen t  fo r 
generatin g result s conduciv e t o increasin g confidenc e i n mode l 
performance .  When goo d mode l  developmen t  practice s ar e used ,  th e CLIM B 
proces s capture s tha t  portio n o f  th e knowledg e bas e availabl e durin g 
model  developmen t  an d validatio n efforts .  Usin g thi s approach ,  CLIM B 
does no t  restric t  th e choice s o f  th e mode l  developer ,  bu t  specifie s wha t 
knowledg e shoul d b e recorde d onc e choice s ar e made .  Thi s include s al l 
stage s o f  mode l  developmen t  an d validatio n typicall y associate d wit h 
missil e syste m development .  Thes e stage s include :  (1 )  th e analytica l 
model ,  (2 )  subsyste m testin g an d mode l  validation ,  (3 )  hardware-in-the -
loo p operatio n an d (4 )  testin g o f  th e rea l  worl d syste m wit h mode l 
update s an d validation . 

3. 2 BACKGROUND ON TH E DEVELOPMENT OF CLIM B 

Result s fro m a  stud y o f  2 4 majo r  simulatio n facilitie s i n fiv e 
member  nation s i n th e NATO communit y (Re f  1 )  establishe d th e nee d fo r  a 
procedur e tha t  woul d serv e a s a  guid e fo r  developin g confidenc e i n 
simulatio n models .  Interview s wit h facilit y  managers ,  mode l  developers , 
and simulationis t  durin g on-sit e visit s identifie d a t  leas t  thre e 
element s tha t  mus t  b e include d i n an y effectiv e procedur e fo r  developin g 
confidenc e i n simulatio n mode l  behavior .  Th e element s ar e identifie d 
as :  (1 )  documentatio n guid e an d format ,  (2 )  a  structur e fo r  representin g 
domai n specifi c  knowledge s and ,  (3 )  a  guid e fo r  generatin g simulatio n 
model  dat a base s appropriat e fo r  buildin g confidenc e i n th e model' s 
behavior . 

Documentatio n determine s th e life ,  death ,  duration ,  an d qualit y o f 
a model' s existence .  Result s fro m th e reference d stud y reveale d tha t 
th e larges t  an d mos t  activ e simulatio n facilitie s ha d littl e o r  n o 
guideline s fo r  documentin g th e simulatio n mode l  developmen t  an d 
validatio n efforts .  I n som e instances ,  militar y specification s wer e 
use d t o mee t  documentatio n requirements .  Fo r  th e mos t  part ,  mode l 
developer s were ,  lef t  t o choos e wha t  wa s t o b e documente d an d ho w i t  wa s 
t o b e recorded . 

Reviewin g mode l  documentatio n report s generate d fro m differen t 
department s withi n th e sam e organizatio n di d no t  instil l  confidenc e i n 
completenes s o r  usabilit y  o f  th e contents .  Th e genera l  vie w o f 
documentatio n a s derive d fro m thi s stud y ca n b e depicte d a s show n i n 
Figur e 3.1 .  Bit s an d piece s o f  dat a ar e acquire d durin g an d afte r  th e 
model  developmen t  effor t  an d pu t  togethe r  a s a  documente d dat a bas e fo r 



th e model .  Th e data ,  frequentl y wit h missin g critica l  information ,  i s 
assemble d throug h a  proces s tha t  result s i n a  multi-volum e se t  o f 
documents .  Al l  to o frequently ,  thi s dazzlin g arra y o f  paper ,  charts , 
and graph s len d littl e o r  n o motivatio n t o potentia l  user s t o tak e a 
seriou s loo k a t  th e model .  A  conclusio n fro m thi s observatio n i s tha t 
documentatio n shoul d b e a n integra l  par t  o f  th e mode l  developmen t 
process . 

Model  validatio n technique s wer e no t  use d i n an y systemati c fashio n 
i n a  vas t  majorit y o f  th e facilitie s surveyed .  I n a  fe w facilities ,  th e 
approac h wa s t o attac k th e mode l  a t  al l  level s usin g numerou s method s 
and technique s t o correlat e th e simulatio n results .  Othe r  validatio n 
effort s attempte d t o appl y specifi c  technique s r o particula r  part s o f 
th e model .  Th e spectru m o f  validatio n effort s ca n b e viewe d a s usin g 
th e rando m too l  bo x approac h i n accomplishin g mode l  validatio n a s 
depicte d i n Figur e 3.2 .  Here ,  validatio n i s mostl y considere d a n 
operatio n tha t  take s plac e afte r  th e mode l  i s designe d an d develope d 
usin g whateve r  tool s tha t  ar e readil y available . 

Result s fro m interview s conducte d durin g thi s stud y indicat e tha t 
i n practice ,  a  hierarch y o f  validation ,  method s ar e use d fo r  confidenc e 
buildin g i n simulatio n models .  Th e method s mos t  frequentl y use d ar e 
(1 )  exper t  opinions ,  (2 )  dat a plot s wit h overlays ,  an d (3 )  chart s an d 
graph s wit h mathematica l  analysi s techniques .  Th e vas t  majorit y o f 
response s t o th e questio n "Wha t  procedur e d o yo u us e t o validat e you r 
simulatio n models" ? wa s t o execut e an d chang e th e mode l  unti l  ther e wa s 
a "Goo d Feeling "  abou t  th e model .  Ho w i s thi s "Goo d Feeling " 
communicate d t o a  secon d o r  thir d party ? Th e typica l  respons e wa s tha t 
th e intereste d part y mus t  exercis e an d chang e th e mode l  an d compar e dat a 
wit h variou s sources ,  jus t  a s th e develope r  di d t o understan d an d gai n 
insigh t  int o th e mode l  behavior . 

A secon d conclusio n fro m thi s stud y i s tha t  exper t  opinions ,  dat a 
plots ,  an d mathematica l  analyse s ar e importan t  methodologies ,  bu t  ar e 
not  th e mai n issue s t o b e addresse d i n developin g confidence ,  i n 
simulatio n models .  Thes e result s indicat e tha t  th e basi c issue s ar e th e 
natur e o f  th e mode l  an d rea l  worl d dat a bases .  Th e mode l  eithe r 
represent s a  theoretica l  syste m o r  a  rea l  worl d system .  Th e rea l  worl d 
syste m i s associate d wit h laborator y tes t  data ,  hardware-in-the-loo p 
operatio n an d rea l  worl d data .  I f  a  theoretica l  mode l  produce s dat a fo r 
whic h n o rea l  worl d syste m exists ,  the n onl y a  limite d confidenc e leve l 
coul d b e establishe d i n th e model' s behavior .  However ,  i f  th e mode l 
produce d dat a tha t  coul d b e compare d wit h rea l  worl d system s o r  othe r 
validate d models,  a n increase d leve l  o f  confidenc e i n mode l  behavio r  i s 
established .  Additionally ,  i f  mode l  generate d dat a compare s wit h 
result s produce d fro m a  hardware-in-the-loo p simulation ,  the n anothe r 
increas e i n leve l  o f  confidenc e ca n b e established .  Thi s proces s 
continue s unti l  multipl e set s an d source s o f  rea l  worl d syste m dat a ar e 
compare d wit h mode l  generate d data ,  producin g a n eve n highe r  leve l  o f 
confidenc e i n mode l  behavior .  Th e proces s o f  relatin g confidenc e level s 
and dat a base s i s graphicall y depicte d i n Figur e 3.3 . 
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Al l  th e validatio n method s an d mathematica l  tool s ca n b e use d t o 
perfor m dat a analysi s a t  eac h CLIM B level :  dat a plots ,  overlays ,  Mont e 
Carl o analysis ,  chi-square d an d Kolmogcrov-Smirno v test ,  hypothesi s 
testing ,  compariso n o f  mean s an d variances ,  etc .  However ,  th e 
confidenc e leve l  i n mode l  behavio r  wil l  no t  increas e beyon d a  leve l 
determine d b y th e natur e o f  th e dat a availabl e t o compar e wit h th e mode l 
generate d data .  I n orde r  t o increas e credibility ,  ther e mus t  b e a 
sourc e o f  dat a a t  a  progressivel y close r  an d close r  leve l  t o th e rea l 
worl d system .  Th e elaborat e us e o f  exper t  opinions ,  dat a plots ,  an d 
mathematica l  analyse s onl y enhanc e th e "Goo d Feeling "  abou t  th e mode l 
performanc e a t  a  particula r  confidenc e level ,  bu t  doe s no t  provid e a 
basi s fo r  increasin g th e confidenc e leve l  i n a  model' s abilit y  t o 
reflec t  th e rea l  world .  Thi s observatio n i s graphicall y represente d b y 
th e staircas e level s o f  confidenc e an d associate d dat a bas e show n i n 
Figur e 3.3 . 

3. 3 APPLICATIO N OF TH E CLIM B PROCESS 

The conceptua l  structur e o f  th e CLIM B proces s wa s develope d durin g 
th e firs t  meetin g o f  th e workin g group .  Detail s o f  th e fiv e leve l 
structur e evolve d throug h repeate d revie w an d applicatio n o f  th e concep t 
t o existin g simulatio n models .  Result s fro m individua l  modelin g effort s 
wer e use d t o develo p th e detail s a t  eac h leve l  o f  CLIM B (Appendi x A ) . 
Thi s provide d bot h a  broade r  vie w o f  th e applicatio n an d greate r  dept h 
i n definin g th e knowledg e bas e fo r  th e hierarchica l  levels .  A n existin g 
documente d simulatio n mode l  wa s recas t  i n th e CLIM B forma t  throug h leve l 
thre e (Appendi x  B) .  Thi s exampl e provide d th e opportunit y t o identif y 
significan t  operationa l  consideratio n i n th e applicatio n an d us e o f  th e 
CLIMB proces s wit h existin g models . 

The applicatio n o f  CLIM B t o thes e existin g model s demonstrate d 
vividl y t o th e member s o f  thi s workin g grou p th e effectivenes s o f  th e 
CLIMB process ,  revealin g i n severa l  instance s insufficien t  dat a i n th e 
model  generate d dat a bas e an d th e lac k o f  informatio n regardin g mode l 
operation .  Conclusion s ca n b e draw n abou t  th e us e o f  CLIM B i n tw o 
areas .  One ,  th e mos t  efficien t  an d effectiv e use s o f  CLIM F ar e i n th e 
area s o f  establishin g a  basi c framewor k fo r  ne w mode l  developmen t  an d 
validatio n efforts .  Th e knowledg e require d fo r  desire d confidenc e 
level s wil l  b e availabl e durin g developmen t  wit h straigh t  forwar d 
documentatio n resulting .  Two ,  investin g th e manpowe r  an d compute r 
resource s fo r  th e applicatio n o f  CLIM B t o develope d o r  existin g 
simulatio n model s wil l  b e mos t  effectiv e i n area s where :  (a )  th e mode l 
wil l  b e use d an d may b e update d b y thir d partie s no t  involve d i n th e 
development ,  e.g. ,  internationa l  transfe r  o f  model s an d (b )  th e mode l 
wil l  b e use d ove r  extende d period s wher e th e develope r  woul d no t  b e 
availabl e t o establis h confidenc e i n th e mode l  behavior ,  i.e. ,  model s o f 
operationa l  weapon s system s tha t  requir e modelin g an d analysi s suppor t 
fro m differen t  group s ove r  th e lif e o f  th e system . 
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3. 4 SUMMARY OF TH E CLIM B PROCESS 

The CLIM B (Confidenc e Level s i n Mode l  Behavior )  proces s i s a 
hierarchica l  proces s fo r  developin g confidenc e i n simulatio n model s 
throug h th e integrate d us e o f  documentation ,  identificatio n o f 
appropriat e knowledg e base s fo r  a  give n leve l  o f  confidence ,  an d a 
progressiv e us e o f  analysi s tool s t o broade n th e confidenc e i n mode l 
performance .  A  summar y o f  th e essentia l  informatio n fo r  eac h identifie d 
CLIME leve l  i s  a s follows : 

CLIMB LEVE L 1 :  Mode l  Summary ,  Result s an d Conclusion .  Thi s leve l 
include s informatio n o n th e objectiv e o f  th e simulation ,  mode l 
developer ,  functio n o f  th e model ,  domai n o f  application ,  majo r 
assumptio n mad e i n mode l  development ,  criteri a fo r  mode l  validatio n an d 
th e result s o f  mode l  application .  A t  thi s level ,  onl y functiona l 
diagram s wit h majo r  subsystem s an d critica l  variable s ar e identified . 
The overvie w natur e o f  th e informatio n her e i s intende d t o giv e th e 
potentia l  mode l  use r  sufficien t  informatio n t o tak e th e firs t  ste p i n 
reviewin g th e mode l  capabilit y  withou t  gettin g los t  i n details .  Exper t 
opinio n i s typicall y th e majo r  too l  fo r  confidenc e buildin g a t  thi s 
leve l  wit h descriptiv e rathe r  tha n technica l  documentation . 

CLIMB LEVE L 2 :  Syste m Model s an d Submodel s Theoretica l  an d 
Indirec t  Dat a Base .  Th e dat a bas e sourc e i s fro m theoretica l  model s o r 
existin g validate d models .  Metho d o f  dat a compariso n i s include d alon g 
wit h technica l  an d descriptiv e documentatio n o f  submodels .  A  benchmar k 
scenari o wit h mode l  result s ar e give n alon g wit h verificatio n procedure s 
of  an y compute r  implementation . 

CLIMB LEVEL 3 :  Subsyste m Rea l  Worl d Dat a Base .  Thi s leve l 
include s rea l  worl d dat a fo r  a t  leas t  on e majo r  subsyste m t o b e compare d 
wit h th e simulatio n mode l  generate d data .  Documentatio n i s provide d fo r 
th e tota l  comple x mode l  includin g benchmar k results .  Dat a collectio n 
and validatio n method s ar e described . 

CLIMB LEVEL 4 :  Hardware-In-The-Loo p Operatio n Data .  Thi s dat a 
bas e include s result s fro m a  Kardware-In-The-Loo p (IIWIL )  simulatio n wit h 
majo r  subsyste m model s bein g replace d wit h actua l  hardwar e operation . 
Method s o f  dat a bas e comparison s ar e identifie d alon g wit h criteri a fo r 
subsyste m mode l  validation .  Specific s o n th e compute r  configuratio n fo r 
HWIL operatio n i s als o given . 

CLIMB LEVEL 5 :  Tota l  Rea l  Worl d System s Operations .  A  dat a bas e 
i s availabl e fro m th e rea l  worl d syste m tes t  an d operation .  A s a 
minimum,  th e critica l  variable s ar e compare d wit h correspondin g syste m 
data .  Result s o f  validatio n o f  syste m variable s ar e give n alon g wit h 
method s o f  validatio n accordin g t o establishe d validatio n criteria . 

A detaile d outlin e o f  th e element s i n th e tota l  CLIM B proces s i s 
reporte d i n Appendi x A . 
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IV .  COMPUTER LANGUAGES 

4. 1 ADA-BASED SIMULATIO N LANGUAGES 

The fac t  tha t  ADA ha s bee n declare d t o b e th e standar d fo r  embedde d 
softwar e i n th e futur e ha s som e impac t  o n dynami c syste m simulatio n 
languages .  Th e simulator ,  beside s bein g use d a s a  too l  fo r  syste m 
development ,  i s  als o use d a s a  syste m integratio n facilit y  tha t  include s 
th e integratio n o f  embedde d software .  Thi s secon d domai n o f  applicatio n 
has a  growin g importance .  Sinc e th e operationa l  softwar e t o b e embedde d 
has t o b e writte n i n ADA,  ther e i s a  stron g nee d fo r  th e integratio n 
facilit y  softwar e als o t o b e writte n i n ADA becaus e ther e wil l  b e n o wa y 
t o interfac e ADA t o an y othe r  language .  Suc h interfacin g woul d b e i n 
direc t  contradictio n t o ADA' s desig n targe t  o f  softwar e reliabilitv . 
Thi s mean s tha t  today' s simulatio n language s wil l  n o longe r  b e 
applicabl e fo r  th e purpos e o f  embedde d softwar e integration .  Thus ,  a 
new generatio n o f  simulatio n language s wil l  hav e t o b e introduce d eve n 
thoug h i t  may no t  reall y b e possibl e t o d o thi s i n th e give n tim e span . 
One possibilit y  t o overcom e th e tim e proble m i s t o sta y wit h th e 
existin g simulatio n language s an d t o modif y th e compile r  t o transfor m 
fro m th e nativ e simulatio n languag e cod e int o a n ADA sourc e cod e progra m 
tha t  wil l  operat e i n a  preprogramme d ADA simulatio n system .  Thi s woul d 
be equivalen t  t o th e existin g language s tha t  us e FORTRAN a s a n 
intermediat e language . 

I n orde r  t o star t  a s soo n a s possibl e wit h ne w software ,  PASCAL 
coul d b e use d unti l  ADA become s available .  Beside s th e aspec t  o f 
embedded softwar e integration ,  ADA ca n b e helpfu l  i n identifyin g moder n 
softwar e technique s tha t  shoul d b e include d i n futur e simulatio n 
languages .  Example s o f  suc h broadl y accepte d common feature s woul d be : 

-  GOTO—free structure d programmin g technique s 

-  modularizatio n o f  program s int o complete , 
self-containe d sub-module s 

-  mandator y declaratio n o f  variables ,  etc . 

4. 2 SIMULATIO N SYSTEM ENVIRONMENT 

Ther e i s a  grea t  numbe r  o f  problem s relate d t o simulatio n an d 
project s makin g us e o f  simulatio n tools .  Some o f  thes e problem s tha t 
ar e normall y no t  mentione d whe n dealin g wit h simulatio n language s 
include : 

(1 )  Lif e cycl e maintenanc e cost s fo r  weapo n 
performanc e simulatio n program s 

(2 )  Eas e o f  softwar e maintenanc e durin g developmen t 

Ite m (2 )  i s ver y importan t  an d need s t o b e discusse d further . 

Durin g a  projec t  involvin g a  grea t  numbe r  o f  engineers ,  i t  mus t 
neve r  happe n tha t  a  cop y o f  a  "referenc e standar d program "  i s mad e whic h 
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i s  no t  mad e fro m a  certifie d sourc e progra m an d no t  clearl y identifie d 
and registered . 

Any chang e t o th e referenc e standar d progra m ha s t o b e immediatel y 
duplicate d o n al l  existin g copie s o f  tha t  referenc e progra m s o that , 
durin g development ,  thi s requiremen t  canno t  b e fulfille d withou t 
activatin g a  considerabl e amoun t  o f  manpower .  Therefore ,  on e desig n 
objectiv e fo r  futur e simulatio n language s shoul d b e t o offe r  tool s fo r 
facilitatin g suc h "softwar e consistenc y management "  work . 

The softwar e managemen t  proble m automaticall y lead s t o th e proble m 
of  describin g th e environmen t  o f  th e program .  I t  i s  no t  sufficien t  t o 
defin e onl y th e progra m itsel f  an d th e languag e use d fo r  th e 
compilation ,  bu t  al l  environmenta l  condition s hav e t o b e describe d suc h 
as compute r  typ e an d model ,  operatin g systems ,  libraries ,  etc .  I t  woul d 
be mos t  desirabl e i f  futur e simulatio n language s b e include d a s a n 
integra l  par t  o f  a  bigge r  simulatio n syste m environmen t  descriptio n wit h 
syste m feature s lik e thos e mentione d softwar e consistenc y managemen t 
feature s bein g included .  Ther e ar e a  grea t  numbe r  o f  problem s tha t  ar e 
most  common i n today' s simulatio n facilitie s an d tha t  coul d b e avoide d 
by a  wel l  designe d environmen t  an d a  languag e supportin g tha t 
environment .  Therefore ,  i t  seem s t o b e reasonabl e t o sugges t  furthe r 
investigation s i n tha t  area . 

4. 3 LANGUAGE FEATURES 

A wis h lis t  o f  desirabl e languag e feature s ha s bee n compiled .  Thi s lis t 
i s  presente d her e withou t  comment s jus t  fo r  information : 

portabilit y 

improve d erro r  debugging ,  erro r  avoidance ,  automati c detectio n 
of  error s (computer/language/compile r  problem ) 

-  output/plo t  capability ,  stripplot ,  plo t  overlay ,  specifi c  plo t 
fo r  pin-pointin g e.g. ,  showin g jump s o f  th e discret e 
controllers . 

-  non-idea l  behavio r  o f  digita l  controller s 
synchronization ,  tim e delay ,  tim e matchin g ("discret e tim e 
event" ) 
fixe d poin t  arithmetic ,  scaling ,  overflow ,  ADC,  DAC 

-  simulatio n o f  nois e 

-  statistica l  runs ,  Mont e Carl o runs ,  statistica l  evaluation , 
connectio n t o statistica l  program s 

connectio n t o contro l  analysi s plu s synthesi s program s fo r 
verification ,  analysis ,  synthesis ,  optimizatio n "ANALYZ " 

-  integratio n algorithm s plu s ste p size s 
multipl e integratio n algorithm s plu s ste p 
size s interpolation ,  extrapolatio n 
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-  configuratio n contro l 

simulatio n o f  specifi c  point s suc h a s frictio n ("discret e stat e 
event" ) 

rea l  tim e capabilit y  plu s hardware-in-the-loo p capabilit y 

-  modularit y  (i.e. ,  eas y decompositio n o f  model s int o sub-units ) 

-  structure d programmin g technique s 

automatize d "softwar e consistenc y control "  administerin g th e 
differen t  release s an d version s o f  librar y program s 

decompositio n o f  a  simulatio n "program "  int o "model "  an d drivin g 
environmen t  "experiment " 

-  dat a bas e concep t  fo r  resul t  dat a an d post-processo r  program s 
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V.  SOFTWARE/VERIFICATION/VALIDATION/ASSESSMENT METHODS 

5. 1 INTRODUCTION 

Followin g muc h discussion/debat e b y member s o f  thi s workin g group , 
a genera l  consensu s wa s reache d tha t  a  detaile d treatmen t  o f  specifi c 
verificatio n an d validatio n techniques ,  thei r  merits,  drawbacks ,  etc. , 
as applie d t o guide d missil e simulatio n developmen t  woul d fa r  excee d th e 
scop e an d tim e limitation s impose d o n WG-12 and ,  therefore ,  no t  b e 
attempted .  I t  wa s decide d instea d t o concentrat e th e group' s primar y 
effort s o n outlinin g th e CLIM B proces s previousl y discussed .  Althoug h 
th e primar y effort s o f  thi s workin g grou p wer e no t  directe d a t  explorin g 
th e merit s o f  verificatio n an d validatio n techniques ,  fo r  completenes s 
an attemp t  i s mad e i n thi s sectio n t o identif y many o f  th e popula r 
approache s wit h a  specifi c  effor t  mad e t o identif y reference s s o th e 
reade r  ca n explor e i n mor e detai l  particula r  approache s o f  interest . 

Consisten t  wit h th e terminolog y establishe d i n Sectio n II ,  Figur e 
5. 1 illustrate s graphicall y th e interrelationship s betwee n verification , 
validation ,  an d assessment .  A s ca n b e see n i n th e figure ,  al l  ke y 
element s o f  verificatio n ste m fro m som e for m o f  mathematica l  o r  compute r 
cod e check s performe d o n th e simulatio n t o verif y tha t  th e answer s 
produce d b y th e simulatio n ar e consisten t  wit h theory .  On e ke y answe r 
i s tha t  t o th e question ,  "I s th e simulatio n cod e erro r  fre e an d doe s i t 
produc e answer s consisten t  wit h th e mat h model? "  I t  ca n als o b e see n 
fro m th e figur e tha t  a  rathe r  larg e men u o f  verificatio n option s an d 
technique s ar e commonl y used .  Wit h th e increasin g us e o f  highl y 
structure d an d sometime s automate d simulatio n languages ,  technique s a s 
thes e ar e graduall y bein g incorporate d directl y int o th e languages ,  thu s 
makin g th e verificatio n proces s easie r  an d mor e straightforwar d t o 
accomplish .  Eac h o f  th e verificatio n technique s illustrate d i n th e 
figur e ar e discusse d i n Paragrap h 5. 2 below . 

Validation ,  o n th e othe r  hand ,  require s rea l  worl d dat a t o compar e 
agains t  simulatio n results *  no t  theoretica l  prediction s a s i s th e cas e 
fo r  verification .  A s show n i n Figur e 5.1 ,  som e for m o f  hardwar e testin g 
must  b e conducte d t o obtai n th e necessar y rea l  worl d data .  Thes e test s 
generall y consis t  o f  benc h test ,  hardware-in-the-loo p (HIL )  simulation , 
and free-fligh t  trials .  Unlik e verification ,  whic h a s discusse d abov e 
i s beginnin g t o tak e o n a  rathe r  structure d straightforwar d approac h an d 
can ver y closel y approac h a n absolute ,  validatio n i s stil l  widel y 
varyin g an d subjec t  t o individua l  preference s an d technique .  T o 
accomplis h mode l  an d simulatio n validatio n (usall y accomplishe d 
simultaneously) ,  som e for m o f  objectiv e mathematica l  metho d mus t  b e 
applie d t o compar e availabl e rea l  worl d dat a t o simulatio n predictions . 
Additionally ,  th e rea l  worl d dat a bas e use d fo r  validatio n mus t  b e 
independen t  fro m tha t  use d i n th e origina l  mode l  development .  A  goo d 
exampl e o f  thi s i s th e validatio n o f  a  missil e aerodynami c mode l  usin g 
dat a obtaine d fro m actua l  vehicl e fligh t  testin g whe n th e origina l  mode l 
had bee n develope d fro m win d tunne l  dat a o r  aerodynami c predictio n 
compute r  programs .  Severa l  mathematica l  method s bein g use d b y member s 
of  thi s workin g grou p fo r  validatio n an d other s reporte d i n ope n 
literatur e ar e discusse d i n Paragrap h 5. 3 below . 
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The las t  topi c t o b e discusse d i n thi s sectio n o f  th e repor t  i s 
assessment .  Assessment ,  a s show n i n Figur e 5.1 ,  play s a  significan t 
rol e i n th e missil e overal l  design ,  development ,  an d testin g process . 
Two type s o f  assessmen t  ar e identifie d i n th e figure ;  one ,  in-hous e an d 
two ,  thir d party .  Althoug h eac h typ e involve s subjectiv e judgment , 
consisten t  wit h th e terminolog y i n Sectio n II ,  on e feed s informatio n 
bac k int o th e missil e desig n proces s whil e th e othe r  feed s informatio n 
t o th e customer' s managemen t  decisio n process .  Th e genera l  assessmen t 
proble m alon g wit h detail s o f  bot h assessmen t  type s ar e discusse d 
furthe r  i n Paragrap h 5. 4 below . 

5. 2 VERIFICATION/VALIDATIO N METHODS 

5.2. 1 Systemati c Progra m Testing :  ( A difficul t  task. ) 

One o f  th e larges t  illusion s i n softwar e developmen t  i s th e 
belie f  tha t  i t  i s  possibl e t o ge t  b y wit h littl e progra m testin g an d 
verificatio n (Re f  2) .  Accordin g t o studie s i n th e USA (Pe f  3 ) ,  th e 
verificatio n require s 30 % -  50 % o f  th e tota l  projec t  cost s (Fi g 5.2) . 
The highe r  th e portion ,  th e mor e comple x th e system .  N o methods , 
technique s an d tool s ar e availabl e t o generat e program s withou t  errors . 

I t  i s  sai d tha t  th e originator s o f  programming ,  amon g others ,  Joh n 
von Neumann ,  hav e bee n totall y surprise d b y th e error-rat e o f  thei r 
program s (Re f  4) .  Method s fo r  a  mathematica l  proo f  tha t  th e progra m i s 
faultles s hav e no t  bee n full y develope d u p t o now .  S o th e testin g i s 
th e onl y mean s fo r  minimizin g th e error-rat e (Re f  5) .  Th e testin g 
begin s wit h th e functiona l  specification ,  continue s wit h th e 
verificatio n o f  th e differen t  module s an d end s wit h th e integratio n tes t 
(Fig s 5. 3 an d 5.4) . 

Ther e exis t  som e genera l  rules ,  whic h ca n hel p t o minimiz e th e 
errors : 

-  Vi e 1 1 define d specificatio n an d progra m design ,  a  farsighte d 
progra m structur e an d terminolog y 

Carefu l  codin g 

-  Desig n o f  th e progra m wit h regar d t o testing ;  Implementatio n o f 
testin g aid s alread y i n codin g (Re f  6 ) 

Advance d compute r  tool s fo r  forma l  testin g computers ,  language s 
and compiler s wit h improve d erro r  avoidanc e 

-  Selectio n o f  adequat e desig n an d tes t  strategie s (Fi g 5.5) : 

"Top-down" .  Th e module s ar e substitute d b y progra m "stubs. " 
I f  th e overhea d progra m ha s bee n tested ,  th e stub s ar e 
replace d b y detaile d module s (Re f  7 ) 

"Bottom-up" .  Th e desig n an d testin g begin s wit h th e lowe r 
modules .  Th e uppe r  program s o r  callin g programs ,  ar e 
substitute d b y tes t  driver s tha t  ar e late r  replace d b y rea l 
program s (Re f  8 ) 
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"Hardest-First" .  Th e programmin g an d testin g begin s i n th e 
middl e wit h difficul t  modules .  Th e progra m grow s bot h u p an d 
down (Ref s 9  an d 10) . 

Fach o f  thes e strategie s ha s it s advantage s an d disadvantage s an d 
ther e i s n o clea r  recommendatio n i n th e softwar e engineerin g 
literatur e a s t o whic h o f  thes e method s i s th e best . 

Ther e ar e tw o approache s fo r  th e determinatio n o f  tes t  conditions : 
th e "blac k box "  an d th e "whit e box "  approaches .  Th e "blac k box " 
approac h consider s th e modul e t o b e teste d a s blac k bo x betwee n th e 
inpu t  an d outpu t  withou t  bein g intereste d i n th e inne r  detail s o f  thi s 
box o r  modul e (Re f  11) .  Th e "whit e box "  approach ,  o n th e othe r  hand , 
studie s th e detail s o f  th e modul e o r  tes t  objec t  i n orde r  t o deriv e th e 
tes t  conditions .  Thus ,  th e amoun t  o f  tes t  case s ca n b e minimized . 
However ,  th e tes t  objec t  ha s t o b e understoo d ver y wel l  b y th e tester . 
A tester ,  wh o i s no t  familia r  wit h th e detail s o f  th e program ,  shoul d 
begi n wit h th e "blac k box "  approac h (Re f  12) . 

I t  i s  recommende d tha t  a  tes t  laborator y boo k b e kep t  i n whic h al l 
tes t  condition s an d result s ar e documented .  Fi g 5. 6 an d 5. 7 sho w 
typica l  tes t  systems .  Fi g 5. 8 show s th e "dua l  progra m analysis "  i s tha t 
used a t  NASA. 

Management  an d cost s o f  testin g an d qualit y assuranc e (QA) .  Th e tes t 
management  ha s t o tak e int o account :  (a) cost s o f  testin g (Tabl e 5.1) , 
(b )  plannin g o f  testing ,  (c )  organizatio n o f  testing ,  (d )  specificatio n 
of  testing ,  an d (e )  revisio n o f  testing .  Th e testin g o f  a  progra m 
consist s o f  th e followin g tes t  phases : 

-  Stati c forma l  test s -  Th e progra m i s compile d bu t  no t  ye t  run . 

Dynami c forma l  test s -  Firs t  run s wit h debuggin g aids . 

Test  o f  th e module s -  Modul e verification . 

-  Integratio n tes t  -  Verificatio n o f  th e overal l  system . 

-  Fina l  acceptanc e tes t  (Re f  13) . 

The firs t  tw o forma l  test s rel y heavil y o n th e availabl e compute r 
and it s language .  Typica l  method s availabl e i n CYBER-Fortra n V  an d ACSL 
ar e show n i n Table s 5. 2 an d 5. 3 an d Appendi x C . 



The earlie r  th e qualit y assuranc e starts ,  th e cheape r  i t  i s  i n 
proportio n t o developmen t  cost s o f  th e program ;  i.e. , 

-  0.09 3 i f  starte d a t  progra m specificatio n 
-  0.12 5 i f  starte d a t  debuggin g 

The mor e favorabl e th e tes t  conditions ,  th e cheape r  th e qualit y 
assuranc e becomes : 

-  0.12 5 wit h favorabl e condition s 
-  0.42 0 wit h unfavorabl e condition s 

The large r  th e syste m ( > 6 4 k ) ,  th e bette r  th e relatio n o f 
qualit y assuranc e cost s t o developmen t  cost s become : 

Favorabl e conditions : 

32% fo r  smal l  system s ( < 3 2 K ) 
12% fo r  larg e system s ( > 6 4 K ) 

Unfavorabl e condition s 

69% fo r  smal l  system s ( < 3 2 K ) 
42% fo r  larg e system s ( > 6 4 K ) 

Tabl e 5.1 :  Cost s o f  Testin g an d Qualit y Assuranc e Derive d fro m IEE E 
Studies . 

Stati c forma l  test s 

-  sourc e cod e inspectio n 
-  inspectio n o f  th e Fortran-lis t  precompile d b y th e simulatio n 

languag e 
-  inspectio n o f  th e cros s referenc e listin g 
-  inspectio n o f  th e loa d lis t 
-  inspectio n o f  th e progra m portabilit y  (Compilatio n o f  th e 

progra m i n th e "ANSI-mod e (Fortran )  t o ascertai n th e 
statement s flagge d a s "non-ANSI") . 

Dynami c forma l  test s 

-  Run s wit h "n o prese t  =  zero" .  (Som e computer s d o no t  hav e 
thi s optio n b y whic h th e erro r  rat e i s  increased ) 

Runs wit h "DEBUGGING AIDS " 

-  ACSL DEBUG 

Cyber  Trac e bac k (Pos t  morte m dump ,  whic h print s a  readabl e 
summary o f  th e erro r  conditio n an d th e stat e o f  th e progra m 
at  th e tim e o f  failur e i n term s o f  th e name s use d i n th e 
origina l  program. ) 

-  Cybe r  Interactiv e Debu g facilit y  (CID) . 

Tabl e 5.2 :  Compute r  Tool s fo r  Forma l  Testin g 



TABLE 5.3 :  Recommendation s o f  MBB/UA fo r  CRL-Inspectio n o f  Fortran-Program s 

Inspectio n o f  Cros s Referenc e Lis t  (CRL ) 

Requirement s 

Variable s hav e t o b e explicitl y 
declare d b y typ e declaratio n statement s 

Variable s hav e t o b e define d befor e 
firs t  usag e 

-  No unuse d variable s i n th e progra m 

Input ,  transfe r  an d contro l  variable s 
(forma l  parameters )  mus t  no t  b e redefine d 
i n th e progra m 

Verificatio n 

Lin e number s o f  firs t  referenc e (lef t  colum n i n 
CRL o f  references )  hav e t o b e les s tha n lin e 
number  o f  firs t  statemen t  afte r  typ e declaration s 

Lin e numbe r  o f  firs t  definitio n ha s t o b e les s 
tha n firs t  (nondeclaration )  referenc e 

0 Ther e i s n o variabl e flagge d "UNUSED" 

0 Ther e i s n o variabl e whic h i s define d bu t 
referre d t o onl y onc e (typ e declaration ) 

Variabl e marke d F.P. ,  whic h intentionall y ar e 
inpu t  variables ,  ar e define d onl y i n lin e N o 1 

Outpu t  an d erro r  indicatio n variable s 
have t o b e define d i n th e progra m 

Variable s marke d F.P. ,  whic h intentionall y ar e 
outpu t  variables ,  hav e t o b e define d i n lin e N o 1 
plu s a t  leas t  on e mor e lin e 

Variable s containe d i n DATA-statement s 
must  no t  b e redefine d i n th e progra m 

Variable s define d i n DATA-statement s ar e 
define d onl y onc e (i.e. ,  i n th e DATA-statement ) 
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The furthe r  test s ar e calle d verificatio n tests .  A  typica l  tes t 
consist s o f  th e followin g phases : 

-  Recogniz e a n erro r 

-  Mak e a  hypothesi s abou t  th e locatio n wher e th e erro r  wil l 
occu r  an d th e sourc e o f  erro r 

-  chec k th e hypothesi s b y th e availabl e compute r  tool s an d 
detaile d "test-print-outs " 

-  correc t  th e error . 

The firs t  phase ,  recognizin g a n error ,  i s  th e essentia l  an d mos t 
difficul t  poin t  o f  th e verification . 

VJe defin e a n erro r  a s th e differenc e betwee n exac t  solution s an d 
simulate d solutions .  Th e mai n difficult y wit h simulatio n program s i s 
tha t  th e exac t  solutio n i s onl y know n fo r  simpl e module s unde r  certai n 
restrictions .  Wit h complicate d models,  th e exac t  solutio n may onl y b e 
approximate d b y numerica l  simulatio n techniques .  I n th e nex t  section , 
method s ar e describe d fo r  verifyin g an d checkin g thes e approximations . 

5.2. 2 Genera l  Verificatio n Method s fo r  Missil e Simulation s 

Ther e exist s a n extensiv e numbe r  o f  publication s o n th e them e 
"verificatio n o f  software" ,  bu t  nothin g specifi c  ha s bee n publishe d wit h 
respec t  t o "verificatio n o f  missil e simulations" .  Th e onl y exceptio n i s 
th e pape r  o f  S .  Schlesinge r  fro m th e Aerospac e Corporation ,  E l  Segundo , 
Californi a (Re f  14) .  Wit h th e exampl e o f  th e simulatio n o f  a n analo g 
autopilot ,  typica l  verificatio n test s ar e described . 

I n th e following ,  w e appl y th e verificatio n method s t o th e 
simulatio n o f  a  mor e moder n missile ,  whic h use s microprocessor s instea d 
of  th e forme r  analo g controllers .  I t  turn s ou t  tha t  simulatin g digita l 
contro l  systems ,  whic h ar e als o calle d "sampled-dat a contro l  systems" , 
i s  a  grea t  challeng e fro m th e poin t  o f  simulatio n an d theory .  Th e 
followin g i s intende d t o remai n no t  onl y general ,  bu t  t o illustrat e som e 
problem s wit h example s resultin g fro m experience s wit h a  larg e 6  -  DOF 
simulatio n writte n i n ACSL an d Fortra n V .  Th e verificatio n method s tha t 
hav e bee n applie d include : 

Verificatio n o f  th e equation s o f  th e mode l 

Hand chec k 

-  Verificatio n agains t  existin g an d relevan t  theor y 

-  Verificatio n agains t  othe r  simulatio n program s 

Degenerac y test s 
When parameter s ar e selecte d t o eliminat e th e effec t  o f  a 
particula r  featur e i n a  model ,  the n th e resultin g outpu t  fro m 
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th e compute r  simulatio n shal l  ac t  a s i f  th e characteristi c 
modelle d b y th e eliminate d featur e is ,  i n fact ,  totall y absen t 

Consistenc y tes t 
Simila r  simulatio n case s yiel d essentiall y  simila r 
result s eve n thoug h state d t o th e compute r  mode l  wit h differin g 
combination s o f  descriptiv e parameters . 

-  Verificatio n o f  integratio n algorithms ,  stepsizes ,  sortin g an d 
timing .  Sortin g an d timin g error s may introduc e additiona l  tim e 
delay s t o th e overal l  syste m 

Logi c test s -  branch/pat h test s 

Integratio n test s 
The purpos e o f  integratio n test s i s t o verif y th e interfac e 
betwee n (verified )  module s fro m a  stati c an d dynami c poin t  o f 
view . 

Stochasti c tes t 

5.2.2. 1 Implementatio n o f  testin g aid s alread y i n codin g 

Thes e testin g aid s ar e recommended : 

-  Switche s fo r  degenerac y tests .  Fo r  exampl e a  rat e gyr o may b e 
simulate d 

GYSW = 0 .  n o errors ,  n o tim e la g 
= 1 .  errors ,  n o tim e la g 
= 2 .  errors ,  tim e la g 

-  Switche s fo r  consistenc y tests .  A  typica l  applicatio n may b e 
switche s fo r  verifyin g th e subsystem s "Autopilo t  +  Airframe "  i n 
pitc h agains t  th e ya w channel .  Th e tes t  condition s mus t  b e 
such ,  tha t  accordin g t o th e theory ,  th e pitc h an d 
yaw channe l  mus t  yiel d identica l  results . 

-  Switche s an d tes t  drivin g signal s fo r  openin g contro l  loops .  A 
typica l  exampl e i s tha t  o f  th e mos t  inne r  loop ;  i t  i s  firs t 
verifie d b y mean s o f  a  deterministi c signa l  (step ,  ramp , 
sinusodia l  signal) .  Afte r  thi s test ,  th e nex t  uppe r  contro l 
loo p i s closed . 

-  Specifi c  "test-print-outs "  fo r  logic- ,  branch- ,  path -  an d 
timing -  testing . 

We distinguish : 

-  Deterministi c verification :  Th e dat a o f  th e plan t  ar e fixe d an d 
th e tes t  drivin g signal s ar e deterministic . 
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-  Stochasti c verification :  A  stochasti c signa l  i s  use d a s tes t 
driver .  Also ,  th e plan t  dat a may statisticall y var y accordin g t o 
th e assume d tolerance s ( 3 a  values) . 

A genera l  rule ,  says ,  tha t  a  simulatio n mus t  firs t  b e verifie d b y mean s 
of  deterministi c methods . 

5.2. 3 Specifi c  Verificatio n Method s fo r  Missil e Simulation s 

5.2.3. 1 Verificatio n o f  th e equation s o f  th e mode l 

Severa l  equation s ar e neede d t o represen t  th e imag e o f  a  spatia l 
targe t  a s see n b y th e missil e seeke r  head .  Fo r  verifyin g thes e 
equations ,  on e mus t  kno w th e terminolog y an d derivatio n o f  th e 
equations ,  whic h shoul d b e documented ,  an d s o detaile d tha t  the y ca n b e 
verifie d b y anothe r  person . 

5.2.3. 2 Han d check s 

Example s are : 

-  Verification s o f  th e correc t  implementatio n o f  th e aerodynamics . 

-  Verification s  of th e integratio n algorithm s b y a  sinusodia l 
inpu t  signa l  whic h i s integrate d twice .  Th e resul t  shoul d 
agai n b e a  sinusodia l  signal . 

-  Graphica l  verificatio n o f  th e imag e processin g o f  th e seeke r 
seein g a  spatia l  target . 

5.2.3. 3 Verificatio n agains t  existin g an d relevan t  theor y 

Guidanc e an d contro l  theor y ha s becom e a  wel l  establishe d topi c 
wit h a  histor y o f  roughl y 5 0 year s an d a n extensiv e numbe r  o f 
publications .  However ,  ther e exist s a  larg e ga p betwee n th e fairl y 
sophisticate d theor y an d th e simpl e PID-controller s an d PN-navigation , 
whic h ar e predominantl y use d i n practice .  On e o f  th e reason s fo r  thi s 
gap i s th e fac t  tha t  moder n contro l  theor y i s quit e difficul t  t o apply . 
The theor y o f  sample d dat a contro l  system s i s especiall y muc h mor e 
difficul t  t o appl y tha n th e conventiona l  theor y fo r  continuou s systems . 
Fi g 5. 9 illustrate s this .  Calculatin g th e exac t  tim e response ,  x ,  t o 
th e deterministi c inputs ,  x  ,  whic h may b e a  step ,  a  ram p o r  a 
sinusodia l  signal ,  require s considerabl e skil l  i n z-transfor m analysi s 
(Ref  15 )  an d a  substantia l  numbe r  o f  sophisticate d numerica l 
calculation s eve n thoug h onl y a  simpl e digita l  PD-controlle r  ha s t o b e 
analyzed .  Also ,  rando m inputs ,  suc h a s th e measuremen t  nois e i n Fi g 5. 9 
may b e take n int o account .  Fo r  example ,  ther e exist s a  theor y fo r 
calculatin g th e varianc e o f  th e output ,  x ,  du e t o th e nois e output , 
n(t) . 

Specia l  compute r  program s fo r  contro l  analysi s an d desig n exist . 
An exampl e i s th e Compute r  Aide d Contro l  Syste m Desig n (CADSD)  fro m ET H 
Zentrum ,  Institut e fo r  Automati c Control ,  Zurich ,  Switzerlan d (Re f  16 ) 
whic h consist s of : 
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SIMNON -  A  simulatio n progra m fo r  a  continuou s syste m wit h 
discrete-tim e regulator s (sample d dat a systems ) 

IDPACK -  A  progra m syste m fo r  dat a analysi s an d identificatio n 
of  linea r  deterministi c stochasti c multi-input ,  single-outpu t 
system s 

SYNPAC -  A  state-spac e oriente d contro l  system s desig n progra m 

POPAC -  A  frequency-domai n oriente d desig n program ,  an d 

MODPAC -  A  progra m fo r  transformation s betwee n differen t  contro l 
syste m representation s 

Anothe r  metho d exist s fo r  analyin g th e digita l  contro l  b y mean s o f 
approximations .  Thi s metho d ha s th e benefi t  tha t  a  specia l  contro l 
analysi s progra m i s no t  necessar y an d han d check s may b e used ,  thu s 
providin g mor e insigh t  int o potentia l  problems .  Fo r  example ,  th e 
digita l  controlle r  (Fi g 5.9 )  ca n b e converte d int o a n analo g controlle r 
by us e o f  a  bilinea r  transformatio n an d th e sample r  +  zer o orde r  hol d 
may b e approximate d b y a  firs t  orde r  Pad e tim e la g ( T =  T/2 )  o r  a  tim e 
delay( e T/2) .  Thu s th e conventiona l  method s i n th e s-plan e may b e 
used .  Blakeloc k (Re f  17 )  call s th e firs t  approximatio n "digitization " 
metho d an d compare s i t  wit h th e exac t  z-transfor m method . 

Ther e ar e man y othe r  theorie s available ,  whic h may b e use d fo r 
verificatio n o f  simulations : 

-  Nonliea r  Contro l  Theor y 

-  Kalma n Filte r  Theor y 

Guidanc e Theor y 

Conventiona l  an d moder n guidanc e theor y wit h deterministi c an d 
stochasti c inputs .  A  typica l  exampl e i s t o verif y th e mis s 
distanc e du e t o nois e o f  th e seeker . 

Strapdow n Algorithm s Theor y 

5.2.3. 4 Verificatio n agains t  othe r  simulatio n program s 

Example s o f  thi s metho d o f  verificatio n include : 

-  6  DOF agains t  3  DOF 
-  3  DOF agains t  3 D (3-dimensiona l  wit h trimme d aerodynamics ) 
-  6  DOF (CSMP)  agains t  6  DOF (ACSL )  (Verificatio n o f  th e 

conversio n fro m on e simulatio n language/compute r  t o anothe r 
simulatio n language/computer. ) 

5.2.3. 5 Degenerac y tes t 

Degenerac y implie s simplifyin g th e phenomen a bein g modele d b y 
selectin g certai n specia l  paramete r  values .  A n exampl e follows : 
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For  th e stabilizatio n o f  th e seeke r  platform ,  th e followin g 
degenerac y tes t  ha s bee n conducted : 

Simulat e th e gyro s an d look-angl e pic k off s withou t  error s an d 
tim e la g 

Let  th e two-axi s stabilizatio n degenerat e t o a  pitch-only -
stabilization . 

Under  thes e simplifie d conditions ,  th e stabilizatio n shoul d b e perfect . 
I n thi s manner ,  error s i n th e progra m ca n b e detecte d muc h easier . 

5.2.3. 6 Consistenc y test s 

See Paragrap h 5.2.2. 1 unde r  th e testin g ai d title d "Switche s fo r 
consistenc y tests. " 

5.2.3. 7 Verificatio n o f  integratio n algorithm s an d stepsizes ,  sorting , 
timin g an d repeatabilit y 

Simila r  t o guidanc e an d contro l  theory ,  th e theor y abou t 
integratio n algorithm s ha s becom e a  wel l  establishe d topi c wit h a  lon g 
history .  However ,  ther e exist s a  larg e ga p o f  knowledg e betwee n th e 
numerica l  mathematicia n an d th e practica l  simulationist .  Furthermore , 
i t  turn s ou t  tha t  algorithm s tha t  ha d bee n extremel y powerfu l  fo r  th e 
simulatio n o f  continuou s systems ,  suc h a s th e Adams multiste p methods , 
ar e n o longe r  optima l  fo r  problem s havin g frequen t  discontinuitie s (Re f 
18) .  Moder n algorithms ,  whic h ar e commonl y calle d Adams PECE (Predict , 
Evaluate ,  ̂ orrect ,  Evaluate )  automaticall y var y th e stepsiz e an d orde r 
fo r  solvin g a  proble m t o a  give n requeste d accuracy .  W.  Bu b show s i n 
Ref  1 9 tha t  i t  i s  possibl e t o evaluat e th e numerica l  stabilit y  an d othe r 
feature s o f  integratio n algorithm s b y mean s o f  th e z-transfor m *  an d 
recommends Adams multiste p method s fo r  th e solutio n o f  linea r  transfe r 
functions .  Th e othe r  clas s o f  integratio n algorithm s ar e calle d 
Runge-Kutt a methods .  The y ar e mos t  widel y use d fo r  th e numerica l 
solutio n o f  first-order ,  first-degre e equations .  I n contras t  t o th e 
Adams multiste p algorithms ,  the y ar e self-starting . 

"Runge-Kutta "  method s ar e eas y t o implemen t  o n a  digita l  compute r 
and ar e probabl y preferabl e t o predictor-correcto r  technique s fo r  mos t 
purposes .  Thei r  mai n disadvantag e i s tha t  i t  i s  difficul t  t o kee p a 
chec k o n th e truncatio n error .  Th e simples t  wa y t o chec k a  solutio n i s 
t o repea t  i t  wit h a  halve d ste p lengt h -  thoug h mor e efficien t  mean s ar e 
suggeste d i n specialis t  texts .  A  furthe r  poin t  i s  tha t  th e widel y use d 
fourth-orde r  Runge-Kutt a metho d require s fou r  evaluation s pe r  ste p o f 
th e functio n "f" ,  compare d wit h a t  mos t  tw o pe r  ste p o f  a 
predictor-correcto r  solutio n o f  comparabl e accuracy .  Th e latte r  metho d 
may,  therefore ,  b e mor e suitabl e i n case s wher e i t  i s  ver y complicated , 
so tha t  it s evaluatio n i s expensiv e i n computin g time .  (Re f  20 ) 

*  Numerica l  mathematician s us e othe r  methods . 
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Afte r  thi s genera l  literatur e overview ,  w e shal l  dea l  wit h th e 
proble m o f  simulatin g a  fas t  digitall y  controlle d missile ,  whos e 
smalles t  samplin g time ,  T ,  mus t  b e ver y smal l  du e t o th e require d hig h 
bandwidt h o f  seeke r  hea d stabilizatio n an d autopilot .  Th e mai n issue s 
are : 

(a )  Optima l  integratio n algorith m an d stepsiz e (assumption :  th e 
progra m use s a  uniqu e integratio n algorith m an d stepsize ) 

(b )  Verificatio n o f  th e sortin g an d timin g 

(c )  Simulatio n o f  th e non-idea l  behavio r  o f  th e digita l 
controller s 

(d )  Multipl e integratio n algorithm s an d stepsize s t o sav e 
executio n time . 

(a )  Choic e an d verificatio n o f  th e integratio n algorithm s an d 
stepsize s 

A genera l  rul e o f  thum b i s tha t  th e stepsize ,  h ,  shoul d b e a t  leas t 
h =  1/ 2 T  .  ,  wit h T  .  =  minimu m o f  th e smalles t  samplin g interva l  T , 
smalles t  tim e constan t  T ,  smalles t  T  =  1  /O J ,  smalles t  T  =  1/ w .  Th e 

n n  ^  * V 
las t  2  expression s refe r  t o th e bandwidt h o r  th e noise ,  respectivel y th e 
frequenc y o f  th e sinusodia l  signa l  (se e Fi g 5.9) .  I n thi s case ,  th e 
samplin g tim e wa s th e mai n drive r  fo r  th e stepsize .  Th e cheapes t 
algorith m i s th e Adams-Bashfort h 1  (A B 1) ,  whic h require s onl y on e 
evaluatio n pe r  ste p o f  th e derivativ e functio n "f "  (se e below) .  I t  ha s 
been compare d wit h th e Runge-Kutt a 2 ,  whic h require s tw o evaluation s pe r 
step .  Th e startin g algorith m o f  th e A B 1  ha s bee n execute d onl y a t  th e 
beginnin g o f  simulatio n an d no t  a s theoreticall y require d a t  eac h 
discontinuit y (i.e. ,  samplin g interval) .  Experienc e wit h a  larg e 
progra m (3 0 integrators )  wa s tha t  h  =  0. 5 T  wa s sufficien t  fo r  R K 
not  fo r  A B 1 ,  whic h require s i n an y cas e h  =  0.2 5 T .  Wit h thi s 
stepsize ,  th e A B 1  i s stil l  slightl y inferio r  t o th e R K 2  wit h 
h =  0. 5 T . 

o but 

Adams-Bashfort h (A B 1 ) 

t  =  0  x  + x 
0 o 

t = h x .  =  x  + h x -*-x . 
1 o  o  1 

x.  =  x  +  h/ 2 ( x +  x. )  -* •  x . 
1 o  o i l 

t  -  2 h x  =  x ,  +  h/ 2 ( 3 x  -  x. ) 
2 1  o  1 

t  =  3 h x .  =  x._ 1 +  h/ 2 (3x._ 1 -  x._ 2) 

Startin g algorith m 

Thi s ca n b e expresse d a s z-transfe r  functio n x(z)/x(z )  = 
h (3 z -  1 ) 

2z ( z -  1 ) 
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Runge-Kutt a 2 .  orde r  (R K 2 ) 

= x  + a k + ( l - a ) k x n+1 n 

wit h k  = h x ,  x  = x ( t = t , x = x ) 
o n  n  n  n 

k =  h  x  ( t  =  t  +  h/ 2 ( 1 -  a ) ,  x  =  x  +  h x 1/ 2 ( 1 
I n n  n 

a =  2/ 3 

-  a ) 

n 
x 
- i 

x 

n 
i 
n 

n +  2/ 3 

f n +  2/ 3 
Xn +  2/ 3 

n +  1 
Xn +  1 
Xn +  1 

The chose n wa y o f  verifyin g th e numerica l  solutio n wa s t o repea t 
run s wit h a  halve d ste p lengt h an d t o introduc e a  sever e tes t  signa l 
suc h a s a  sinusodia l  perturbance .  A t  th e beginning ,  th e differenc e wa s 
considerable .  On e coul d thin k tha t  thi s wa s th e proo f  tha t  th e smalle r 
stepsiz e ha d t o b e taken .  However ,  i t  turne d out ,  tha t  als o sortin g an d 
timin g error s contribute d t o th e difference . 

(b )  Verificatio n o f  th e sorting ,  timin g an d sampl e device s 

Wit h simulatio n languages ,  ther e exist s a n automati c progra m 
sorting .  ACSL automaticall y sort s 'th e mode l  definitio n cod e tha t  i s 
place d i n th e DERIVATIV E section .  Th e statement s withi n PROCEDURAL 
block s ar e no t  sorted .  Th e PROCEDURAL bloc k i s positione d accordin g t o 
th e inpu t  an d outpu t  variable s o f  th e PROCEDURAL header .  Sortin g error s 
resul t  especiall y i n tha t  cas e wher e no t  al l  outpu t  an d inpu t  variable s 
ar e i n th e header .  On th e othe r  hand ,  to o man y variable s i n th e heade r 

Another 1 proble m i s th e simulatio n 
of  digita l  algorithms .  A  larg e missil e simulatio n contain s multipl e 
samplin g device s an d differen t  tim e delays . 

The followin g verificatio n method s hav e bee n used : 

Runs wit h "n o prese t  =  zero "  t o detec t  initializatio n 
errors . 

Verificatio n o f  th e repeatability ;  2  runs ,  whic h ar e repeate d 
i n on e JOB ,  mus t  yiel d identica l  results . 

Runs wit h additiona l  evaluatio n o f  th e DERIVATIV E sectio n a t 
eac h communicatio n interva l  (whic h i s identica l  t o th e 
integratio n interval) .  Th e compariso n wit h run s wher e thi s 
additiona l  evaluatio n i s omitte d mus t  yiel d identica l  result s 
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-  detaile d "tes t  prin t  outs "  fo r  th e testin g o f  th e differen t 
samplin g an d dela y devices . 

(c )  Verificatio n o f  th e simulatio n o f  th e non-idea l  behavio r  o f 
th e digita l  controller s 

The non-idea l  behavio r  consist s o f  computatio n delays , 
asynchronou s samplin g an d delays ,  error s du e t o fixe d poin t  arithmeti c 
and overflow .  Usually ,  thes e effect s ar e assume d t o h e negligible . 
However ,  i n application s wit h fas t  contro l  systems ,  thes e effect s may 
caus e limi t  cycles ,  tim e matchin g problem s an d transien t  effect s an d 
therefor e canno t  b e neglecte d (Re f  21) .  Moder n simulatio n language s 
ar e improve d wit h respec t  t o thes e features .  Th e ACSL versio n 8 A no w 
offer s th e macr o SKEDTE (Schedul e Tim e Event) ,  whic h ca n b e use d t o 
simulat e a  computatio n delay ,  A T ,  afte r  th e Analog-Digital-Conversio n 
(ADC) .  Suc h a  featur e o f  th e simulatio n languag e mus t  b e verifie d b y 
means o f  detaile d tes t  prin t  outs . 

(d )  Verificatio n o f  multipl e integratio n algorithm s an d stepsize s 

The simulatio n o f  fas t  digita l  contro l  system s require s smal l 
variabl e stepsize s an d specia l  integratio n algorithms .  Th e slowe r 
motio n o f  th e missil e may b e simulate d wit h large r  stepsize s an d 
multiste p ADAMS algorithms .  Wit h ACSL,  mor e tha n on e DERIVATIV E sectio n 
may b e used ,  eac h wit h it s ow n independen t  integratio n algorith m an d 
stepsize .  Althoug h thi s techniqu e ca n sav e executio n tim e whe n 
correctl y used ,  an y implementatio n mus t  b e approache d wit h cautio n 
since ,  i n general ,  incorrec t  answer s wil l  b e obtaine d unles s th e mode l 
i s divide d int o block s wit h a  ful l  understandin g o f  th e effect s o f 
computatio n delay s fo r  variable s tha t  cros s bloc k boundarie s (Re f  22) . 

Language s ar e offered ,  whic h perfor m th e necessar y synta x analysi s 
and partitio n th e proble m int o a  sequentia l  an d a  paralle l  part . 
Specia l  method s mus t  b e develope d t o verif y thes e sophisticate d 
simulations . 

5.2.3. 8 Logi c test s -  Branch/Patc h test s 

I n designin g a n appropriat e structur e an d logi c o f  th e overal l 
program ,  th e "top-down "  desig n i s recommended .  Th e mor e sophisticate d 
module s ar e substitute d b y progra m stubs .  Specia l  logi c driver s an d 
logi c verificatio n test s may b e used . 

5.2.3. 9 Integratio n test s 

The verificatio n o f  th e overal l  missil e syste m mus t  b e base d o n 
verificatio n test s generate d b y mean s o f  th e subsyste m simulations . 
Specia l  testin g aid s (switches ,  tes t  driver s an d test-print-outs )  ar e 
helpfu l  i n comparin g th e overal l  progra m agains t  th e subsyste m program . 

5.2.3.1 0 Stochasti c verificatio n 

The ai m o f  stochasti c verificatio n i s t o verify : 

th e statistica l  behavio r  o f  th e inpu t 
noise(variance ,  bandwidth ) 
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-  th e statistica l  behavio r  o f  th e outpu t  nois e 
agains t  th e theor y (i f  possible )  o r  othe r  program s 

-  whethe r  th e numbe r  o f  statistica l  run s i s 
sufficien t 

The followin g tw o example s illustrat e thi s verification : 

First ,  Fi g 5.1 0 show s th e "measured "  mea n square d valu e a s a 
functio n o f  th e numbe r  o f  run s N  .  Th e theoretica l  valu e i s 10 0 m.  I t 
turn s out ,  tha t  N  =  10 0 yield s error s u p t o 10 % an d i s t o small . 

Finally ,  Fi g 5.1 1 show s th e nois e reductio n o f  a  typica l 
Kalman-Filte r  wit h time-dependen t  gain .  I f  100 0 run s ar e evaluated ,  th e 
simulatio n result s agre e wel l  wit h th e theory . 

What  w e ca n lear n fro m thes e examples ,  i s  tha t  a  statistica l 
verificatio n i s extremel y expensive .  On th e othe r  hand ,  i f  onl y a  fe w 
statistica l  run s ar e performed ,  th e statistica l  error s may b e 
considerable . 
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5. 3 VALIDATIO N METHODS 

5.3. 1 Th e Genera l  Validatio n Proble m 

Validatio n represents ,  perhaps ,  th e bigges t  challeng e facin g 
today' s simulationist .  Reviewin g th e definitio n o n validatio n presente d 
i n Sectio n II ,  on e ca n se e th e difficult y o f  th e task .  Validatio n test s 
th e agreemen t  betwee n th e mode l  an d th e rea l  worl d syste m bein g modeled . 
The tw o ke y word s i n thi s definitio n ar e test s an d rea l  world .  Th e 
requirement :  t o appl y mathematica l  test s t o compar e th e mode l  an d rea l 
worl d separate s validatio n fro m assessment .  Thi s als o make s validatio n 
an objectiv e process ,  separatin g i t  fro m assessmen t  -  a  subjectiv e 
process .  Th e definitio n o f  validatio n b y implicatio n require s th e 
existenc e o f  a  rea l  worl d dat a bas e befor e validatio n comparison s ar e 
possible .  Thi s rea l  worl d dat a bas e i s generall y constructe d throug h 
fou r  primar y methods :  (1 )  Benc h tests ;  (2 )  HI L tests ;  (3 )  Fiel d 
measurement s (targe t  signatures ,  etc.) ;  an d (4 )  Fligh t  trial s (captiv e 
and free-flight) .  I t  shoul d als o b e note d tha t  fo r  mode l  validatio n t o 
be possible ,  th e rea l  worl d dat a bas e use d fo r  compariso n mus t  b e 
independen t  fro m tha t  use d i n th e origina l  mode l  developmen t  process . 
Durin g earl y stage s o f  missil e syste m development ,  mode l  validatio n an d 
syste m testin g fo r  assessmen t  purpose s becom e inseparable .  Fligh t 
tests ,  onc e exclusivel y reserve d fo r  syste m performanc e demonstration , 
ar e no w ofte n aime d a t  providin g rea l  worl d dat a fo r  model/simulatio n 
validation .  Eve n wit h th e increasin g emphasi s o n th e availabilit y  o f 
independen t  dat a source s fo r  validation ,  th e proces s i s no t  absolute . 
Simulatio n predicte d syste m performanc e wil l  neve r  exactl y matc h actua l 
syste m performanc e unde r  al l  conditions .  Result s bein g reporte d i n 
curren t  literatur e o n missil e simulatio n validatio n suggest s tha t  th e 
prope r  questio n i s no t  "I s th e mode l  valid" ? bu t  "Ho w vali d i s th e 
model" ? Some measur e o f  acceptabl e erro r  betwee n th e mode l  an d rea l 
worl d mus t  b e established .  I t  i s  precisel y thi s proble m tha t  give s ris e 
t o numerou s mathematica l  technique s t o quantif y th e acceptabl e erro r  fo r 
validatio n purposes .  Severa l  o f  th e mos t  popula r  validatio n technique s 
use d i n guide d missil e simulation s ar e discusse d below . 

5.3. 2 Specifi c  Validatio n Method s 

5.3.2. 1 Pilo t  Overlay s an d Graphica l  Comparison s 

Plo t  overla y an d graphi c technique s involv e th e compariso n o f 
rea l  worl d dat a t o tha t  produce d b y th e simulatio n usin g plots .  I t  i s 
by fa r  th e mos t  popula r  validatio n technique .  Graphica l  comparison s an d 
cros s plottin g o f  variable s i s limite d onl y b y th e imaginatio n o f  th e 
simulationis t  an d th e availabilit y  o f  rea l  worl d data .  Th e majo r 
difficult y wit h th e techniqu e i s "Ho w clos e i s clos e enough" ? 
Generally ,  "exper t  opinion "  mus t  decid e thi s issue .  Common practic e 
usin g Overla y an d Graphica l  validatio n technique s i s t o plo t  rea l  worl d 
tes t  dat a an d establis h a  somewha t  arbitrary ,  bu t  smal l  allowabl e erro r 
tha t  th e simulatio n mus t  sta y withi n t o b e considere d valid .  Exper t 
judgmen t  i s usuall y th e basi s fo r  establishin g th e allowabl e error . 
Acceptabl e erro r  i s generall y establishe d betwee n on e an d te n percen t 
dependin g o n th e particula r  stat e variable s bein g considere d an d th e 
intende d applicatio n o f  th e simulation .  Th e majo r  advantag e o f  thi s 
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technique ,  asid e fro m it s simplicity ,  i s  th e automati c an d ver y graphi c 
validatio n audi t  trai l  develope d fo r  th e simulation/mode l  documentatio n 
package .  Fo r  additiona l  informatio n an d example s o f  thi s technique , 
consul t  (Re f  23) . 

5.3.2. 2 Correlatio n Coefficient s 

The generatio n o f  correlatio n coefficient s i s a  wel l  know n 
mathematica l  techniqu e t o measur e th e tim e correlatio n o f  tw o processes . 
If ,  fo r  example ,  th e tim e histor y o f  a  missil e syste m stat e variabl e o r 
interna l  subsyste m variabl e wer e recorde d durin g a  liv e fligh t  tes t  an d 
th e tim e histor y o f  th e sam e variabl e generate d b y th e simulatio n wer e 
processe d t o obtai n a  favorabl e correlatio n coefficien t  (approachin g 
1.0) ,  th e tw o processe s (on e real ,  th e othe r  simulated )  ar e considere d 
equal .  Onl y on e compute r  ru n an d free-fligh t  tria l  i s  necessar y t o 
conduc t  thi s test .  Generall y speaking ,  correlatio n coefficient s measur e 
th e degre e t o whic h tw o time-varyin g signal s compare .  A  perfec t  matc h 
wit h fligh t  tes t  dat a obviousl y represent s a  vali d computatio n o f  a 
variable .  Th e applicatio n o f  correlatio n mathematic s represent s a 
strenuou s tes t  fo r  simulatio n validity .  No t  onl y mus t  amplitud e 
characteristic s matc h t o obtai n a  goo d correlatio n coefficient ,  bu t 
phas e i s als o extremel y important .  Ver y smal l  deviation s i n missil e 
syste m model s wil l  creat e significan t  phas e change s o n som e stat e 
variables ,  especiall y fo r  non-linea r  models ,  resultin g i n rathe r 
dramati c shift s i n correlatio n coefficients .  Fo r  thi s reason , 
correlatio n coefficien t  technique s ar e no t  ofte n use d fo r  validation .  A 
detaile d discussio n o f  correlatio n mathematic s an d example s o f  thei r  us e 
may b e foun d i n (Ref s 23 ,  2 4 an d 25) . 

5.3.2. 3 Theil' s  Inequalit y Coefficien t 

A techniqu e develope d b y Thei l  ha s bee n use d b y economist s t o 
validat e simulation s tha t  includ e econometri c models .  Theil' s 
inequalit y coefficient ,  "U" ,  provide s a n inde x tha t  measure s th e degre e 
t o whic h a  simulatio n mode l  provide s retrospectiv e prediction s o f 
observe d historica l  data .  "U "  varie s betwee n zer o an d one :  i f  U=0 ,  th e 
prediction s ar e perfect ,  i f  U=l ,  th e prediction s ar e ver y bad .  Althoug h 
Theil' s  theor y wa s develope d fo r  economi c models ,  i n recen t  year s muc h 
succes s ha s bee n demonstrate d i n it s applicatio n t o dynami c scientifi c 
models .  Example s o f  it s  us e fo r  missil e simulatio n validatio n ar e 
containe d i n (Ref s 26 ,  2 7 an d 28) . 

5.3.2. 4 Chi-Squar e an d Kologorov-Smiro v Test s 

The chi-squar e an d Kologorov-Smiro v test s ar e tw o specia l  type s o f 
hypothesi s test s ofte n use d t o establis h th e equivalenc e o f  a 
probabilit y  densit y functio n o f  sample d dat a (i n thi s case ,  simulatio n 
output )  t o som e theoretica l  densit y functio n (i n thi s case ,  rea l  worl d 
data) .  Fac h o f  thes e test s deriv e a  figure-of-meri t  t o characteriz e th e 
goodness-of-fi t  betwee n tw o probabilit y  densit y functions .  Th e 
chi-squar e tes t  genera l  procedur e involve s th e us e o f  a  statisti c wit h 
an appropriat e chi-squar e distributio n a s a  measur e o f  th e discrepanc y 
betwee n a n observe d probabilit y  densit y functio n an d th e theoretica l 
densit y function .  A  hypothesi s o f  equivalenc e i s the n teste d b y 
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studyin g th e distributio n o f  thi s statistic .  Th e mai n proble m o f  th e 
chi-squar e tes t  i s  tha t  i t  i s  relativel y sensitiv e t o non-normality . 
The Kologorov-Smiro v test ,  o n th e othe r  hand ,  i s a  distribution-fre e 
(nonparametric )  test .  I t  involve s specifyin g th e cumulativ e frequenc y 
distributio n o f  th e simulate d an d actua l  data .  Unlik e th e chi-squar e 
test ,  th e figur e o f  meri t  o r  goodness-of-fi t  i s  no t  a  statistica l 
variabl e an d is ,  therefore ,  no t  sensitiv e t o normality .  Fo r  mor e detai l 
concernin g exac t  implementatio n procedure s fo r  eac h o f  thes e test s se e 
Ref s 23 ,  2 5 an d 29 . 

5.3.2. 5 Mont e Carl o Boundar y Generatio n 

Mont e Carl o Boundar y Generatio n i s a  wel l  know n techniqu e involvin g 
multipl e run s o f  a  simulation ,  includin g al l  know n nois e an d erro r 
sources ,  t o establis h accumulate d statistica l  propertie s o f  selecte d 
stat e variable s a s a  functio n o f  time .  Usin g th e overla y graphic s 
method s discusse d i n Paragrap h 5.3.2.1 ,  th e mea n an d standar d deviatio n 
of  th e selecte d variable s ar e plotte d a s a  functio n o f  elapse d simulate d 
missil e fligh t  time .  I f  rea l  worl d fligh t  tria l  dat a fo r  simila r  launc h 
condition s overlay s th e Mont e Carl o generate d simulatio n dat a withi n th e 
establishe d bound s (usuall y on e sigma) ,  th e simulatio n i s considere d 
vali d fo r  tha t  variable .  Generatin g simila r  plot s fo r  al l  critica l 
stat e variable s an d interna l  syste m variable s wil l  full y  validat e th e 
simulation .  Tw o majo r  difference s distinguis h th e Mont e Carl o Boundar y 
Techniqu e fro m th e Plo t  Overla y an d Graphica l  Compariso n Techniqu e a s 
describe d i n thi s report .  One ,  th e validatio n boundarie s ar e applie d t o 
th e simulate d dat a fo r  th e Mont e Carl o techniqu e wit h fligh t  tes t  dat a 
overlaye d withi n th e define d boundarie s t o establis h simulatio n 
validity ,  an d two ,  th e validatio n boundarie s represen t  statisticall y 
generate d erro r  propertie s base d o n multipl e simulatio n run s instea d o f 
a singl e fligh t  tes t  tria l  wit h small ,  bu t  somewha t  arbitrar y erro r 
boundarie s applie d a s i s th e cas e fo r  th e Plo t  Overla y an d Graphica l 
Validatio n Method .  Th e majo r  disadvantag e o f  th e Mont e Carl o Validatio n 
Techniqu e shoul d b e rathe r  obviou s b y now ;  tha t  is ,  compute r  costs . 
Hundred s o f  run s ar e sometime s require d t o obtai n accurat e statistica l 
propertie s an d t o assur e adequat e confidenc e level s ar e obtained .  Th e 
applicatio n o f  specia l  program s fo r  statistica l  analysi s i s als o 
sometime s required . 

5.3.2. 6 Spectra l  Analysi s 

Spectra l  analysi s i s a  clas s o f  mathematica l  processe s tha t 
conside r  th e spectra l  conten t  o f  data .  Thes e includ e technique s a s 
Power  Spectra l  Density ,  Cros s Spectra l  Density ,  an d others .  Spectra l 
analysi s provide s a  mean s o f  objectivel y comparin g tim e serie s dat a 
generate d b y a  compute r  simulatio n wit h a n observe d tim e serie s obtaine d 
fro m rea l  worl d dat a collection .  Spectra l  analysi s i s aime d a t  th e 
quantificatio n an d evaluatio n o f  uncorrelate d dat a afte r  th e dat a ha s 
been transforme d int o th e frequenc y domain .  B y comparin g th e compute d 
spectr a o f  simulatio n outpu t  dat a an d correspondin g rea l  worl d data ,  i t 
can b e inferre d ho w wel l  th e simulatio n resemble s th e syste m o r 
subsyste m i t  i s  intende d t o emulate .  Unlik e man y o f  th e othe r 
validatio n technique s discusse d i n thi s report ,  spectra l  analysi s doe s 
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not  inherentl y produc e figures-of-meri t  t o quantif y goodness-of-fi t 
betwee n simulatio n outpu t  an d rea l  worl d data .  Spectra l  analysi s i s 
extremel y dependen t  o n exper t  judgmen t  t o answe r  th e questio n "Ho w clos e 
i s clos e enough" ? Fo r  mor e discussio n coverin g th e man y spectra l 
analysi s technique s an d example s o f  thei r  use ,  consul t  Ref s 30 ,  31 ,  3 2 
and 33 . 

5. 4 ASSESSMENT: 

5.4. 1 Th e Genera l  Assessmen t  Proble m 

Assessment ,  a s define d an d use d i n thi s report ,  include s al l 
activitie s involvin g th e applicatio n o f  subjectiv e judgmen t  (i.e. , 
exper t  opinion )  t o answe r  th e questio n "Wil l  th e system/subsyste m desig n 
meet  specifications" ? Assessmen t  involve s subjectiv e evaluation s o f  al l 
aspect s o f  th e weapo n syste m developmen t  process ,  including ,  bu t  no t 
limite d to :  syste m simulations ,  hardwar e benc h tests ,  captiv e fligh t 
tests ,  free-fligh t  tests ,  hardware-in-the-loo p tests ,  etc .  Many o f  th e 
mathematica l  processe s an d technique s applie d t o missil e simulatio n 
validatio n ar e usefu l  i n acquirin g dat a t o hel p answe r  th e assessmen t 
question .  Th e ke y t o understandin g th e differenc e betwee n validatio n an d 
assessmen t  i s i n th e us e o f  th e data .  Tha t  is ,  validatio n concentrate s 
on th e performanc e o f  th e simulatio n (i.e. ,  Doe s th e simulatio n properl y 
emulat e th e design?) ,  whil e assessmen t  concentrate s o n th e performanc e 
of  th e syste m begi n simulate d (i.e. ,  Doe s th e desig n mee t  specifica -
tions? )  Assessmen t  begin s ver y earl y i n th e weapon s developmen t  proces s 
and continue s throughou t  th e lif e o f  th e project .  A s illustrate d i n 
Figur e 5.1 ,  ther e ar e tw o distinc t  type s o f  assessment .  One ,  in-hous e 
accomplishe d b y th e syste m prim e contractor ,  an d th e other ,  thir d part y 
accomplishe d b y th e custome r  o r  a  thir d part y contracto r  employe d b y th e 
customer . 

In-hous e assessmen t  i s identifie d i n Figur e 5. 1 b y th e boxe s 
representin g fou r  majo r  dat a sources ;  th e mathematica l  simulation ,  th e 
HI L simulation ,  missil e desig n data ,  an d missil e hardwar e data .  Th e 
figur e clearl y illustrate s tha t  in-hous e assessmen t  play s a  ke y rol e i n 
th e system/subsyste m desig n process .  Althoug h subjectiv e i n nature , 
in-hous e assessmen t  offer s th e firs t  opportunit y t o compar e simulatio n 
predicte d performanc e (generall y generate d durin g th e simulatio n 
verificatio n arid validatio n process )  t o custome r  requirement s (syste m 
desig n specifications )  an d feed s bac k informatio n t o th e desig n process . 
Thi s feedbac k ofte n result s i n syste m desig n modification s whic h i n tur n 
resul t  i n simulatio n modification s creatin g th e nee d fo r  additiona l 
passe s throug h th e simulatio n verificatio n an d validatio n process . 
Durin g system/subsyste m desig n activities ,  in-hous e assessmen t  an d 
simulatio n verificatio n an d validatio n ar e inseparable ,  eac h feedin g th e 
othe r  unti l  a  desig n i s finalized . 

Thir d part y assessment ,  o n th e othe r  hand ,  involve s independen t 
evaluatio n o f  th e entir e missil e system/subsyste m developmen t  an d 
demonstratio n process ,  an d a s such ,  ha s littl e direc t  impac t  o n th e 
syste m design .  Some indirec t  influenc e i s present ,  however ,  du e t o th e 
use o f  thir d part y assessmen t  dat a fo r  custome r  managemen t  decision s an d 
th e impac t  thes e decision s may hav e o n syste m specifications .  A s 
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pointe d ou t  b y Richar d Richel s o f  th e Electri c Powe r  Researc h Institute , 
"Decisio n maker s ar e becomin g increasingl y annoye d tha t  differen t 
analyse s ge t  quit e differen t  answer s t o th e sam e problem. "  When thi s 
happens ,  i t  i s  natura l  t o wan t  t o tak e a  close r  loo k a t  th e simulatio n 
model s employe d an d fin d ou t  wh y suc h difference s result .  Thi s al l  t o 
familia r  situatio n ha s le d t o th e increasin g us e o f  thir d part y 
assessmen t  t o provid e a n independen t  chec k an d balanc e o n th e weapon s 
developmen t  proces s an d t o provid e custome r  managemen t  (i.e. ,  decisio n 
makers )  wit h unbiase d nonparochia l  informatio n o n system/subsyste m 
design s an d performanc e limitations . 
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VI  SUMMARY AND RECOMMENDATIONS 

I n summary ,  th e Workin g Grou p foun d tha t  th e conclusio n reache d i n 
ACARD-AG-279,  "Surve y o f  Missil e Simulatio n an d Fligh t  Mechanic s 
Facilitie s i n NATO"  regardin g th e genera l  lac k o f  unifor m accepte d 
missil e simulatio n validation s method s wa s indee d correct .  I n addition , 
th e nee d fo r  suc h method s i s becomin g increasingl y apparen t  i n al l  o f 
th e participatin g Workin g Grou p countries .  Thi s wa s clearl y eviden t  i n 
a ver y recen t  articl e i n AGARD Highlights ,  "Missil e Syste m Simulatio n 
and Validation, "  b y Dipl.-In g Rolan d Caugge l  o f  BGT,  Marc h 1984 .  (I t  i s 
interestin g t o not e tha t  thi s pape r  discusse s "Simulatio n Levels "  ver y 
simila r  t o th e "CLIM B Levels "  i n Sectio n III ,  apparentl y conceive d 
independentl y fro m th e Workin g Grou p activity. ) 

I t  i s  on e thin g t o establis h tha t  unifor m validatio n method s ar e 
needed ;  ye t  anothe r  thin g t o develo p thes e methods .  A s state d i n 
Sectio n I  Introduction ,  th e Workin g Grou p foun d th e latte r  a  formidabl e 
task .  Nonetheless ,  th e genera l  framewor k o f  a  validation ,  o r  mor e 
precisely ,  "simulatio n confidenc e buildin g procedures "  i s presente d i n 
Sectio n III .  I t  wa s ver y difficul t  t o overcom e th e temptatio n t o 
associat e thi s approac h wit h "documentatio n alone. "  Whil e th e 
appendice s d o sho w th e documentatio n application ,  th e concep t  i s i n fac t 
much broader . 

Numerous discussion s b y Workin g Grou p member s wer e require d t o 
develo p a  "unified "  understandin g o f  th e proces s itsel f  an d it s broade r 
use .  Eve n a s thi s repor t  wa s written ,  som e member s fel t  tha t  th e 
proces s may b e to o comple x o r  to o difficul t  t o understand ,  an d 
therefore ,  perhap s wil l  neve r  b e used .  On th e othe r  hand ,  almos t  al l  o f 
th e Workin g Grou p member s fel t  tha t  a  primar y activit y b y th e grou p i s 
t o "preach "  th e "process "  t o other s i n thei r  respectiv e countries . 
Publicatio n o f  thi s Advisor y Repor t  shoul d suppor t  thi s recommendation . 

Othe r  specifi c  aspect s o f  missil e syste m validatio n wer e covere d 
(e.g. ,  compute r  languages ,  verification/validation/assessmen t  methods ) 
i n Section s I V an d V .  However ,  thes e treatment s wer e o f  necessit y quit e 
limited .  Eac h are a covered ,  i n fact ,  serve s a s a  topi c fo r  additiona l 
Workin g Group s or ,  perhaps ,  AGARDographs .  Bu t  befor e recommendin g an y 
specifi c  action s o f  thi s typ e t o th e Fligh t  Mechanic s Panel ,  th e Workin g 
Grou p fel t  thi s repor t  shoul d b e publishe d an d widel y circulate d withi n 
AGARD fo r  comment  o n th e overal l  topic .  Onl y afte r  feedbac k fro m 
expert s an d potentia l  user s shoul d additiona l  actio n b e take n b y th e 
panel . 
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Fig 5.4 Development Ef fort D i s t r i b u t i on 
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APPENDIX A 

DEVELOPING "CONFIDENCE L.EVEL S I N MODEL JSEHAVIOR" 

OR TH E "CLIMB "  PROCESS 

CLIMB LEVE L 1 .  MODEL SUMMARY,  RESULTS AND CONCLUSIONS 

Leve l  1  include s identificatio n o f  th e mode l  developer ,  summar y o f  th e 
model ,  an d genera l  descriptio n o f  th e mode l  wit h simplifie d diagrams . 
The objectiv e o f  th e simulation ,  domai n o f  intende d applicatio n an d 
criteri a fo r  mode l  validatio n i s state d here .  Th e model f s critica l 
variable s an d majo r  assumption s use d i n mode l  developmen t  ar e identifie d 
and conclusion s o n overal l  mode l  performanc e i s stated . 

1.  MODEL ORIGI N AND RELATED INFORMATION 

1. 1 Tota l  nam e o f  simulatio n mode l 
1. 2 Name o f  developin g organizatio n 
1. 3 Addres s o f  organizatio n 
1. 4 Name o f  contac t  fo r  additiona l  informatio n abou t  mode l 
1. 5 Addres s o f  contac t  fo r  mode l  informatio n 
1. 6 Telephon e numbe r  o f  contac t 
1. 7 Organizatio n fo r  whic h mode l  wa s develope d 
1. 8 Addres s o f  organizatio n 
1. 9 Contac t  perso n 
1.1 0 Telephon e numbe r  o f  contac t 
1.1 1 Keyword s fo r  dat a bas e processin g 

2.  OBJECTIVE S I N DEVELOPING TH E SIMULATIO N MODEL 

2. 1 Objective s o f  th e simulatio n 
2. 2 Backgroun d informatio n leadin g t o mode l  developmen t 

3.  MODEL SUMMARY 

3. 1 Definitio n o f  term s (omittin g al l  symbols ) 
3. 2 Conceptua l  mode l  showin g majo r  input/outpu t  variable s 
3. 3 Summary statemen t  an d descriptiv e documentatio n o n mode l 

applicatio n 
3. 4 Natur e o f  mode l  (Discrete ,  Continuous ,  Stochastic ,  etc. ) 

4.  FUNCTIONAL MODEL 

4. 1 Descriptio n o f  functiona l  mode l 
4. 2 Simplifie d functiona l  diagra m wit h majo r  subsyste m an d 

majo r  variable s identifie d 
4. 3 Definition s o f  an d comment s o n majo r  variable s i n 

functiona l  diagra m 
4. 4 Critica l  variable s identifie d fo r  mode l  validatio n 

5.  MODEL APPLICATIO N 

5. 1 Domai n o f  intende d applicatio n o f  simulatio n mode l 
5. 2 Majo r  assumption s use d i n developin g th e mode l 
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5. 3 Majo r  know n limitatio n i n domai n o f  applicatio n 
5. 4 Nonobviou s exclusion s fro m mode l 
5. 5 Input s t o an d Output s fro m Mode l 

6.  PHILOSOPHY 

6. 1 Criteri a fo r  validatio n 

6. 2 Methodolog y fo r  validatio n 

7.  SUMMARY COMMENTS ON SIMULATIO N IMPLEMENTATION 

7. 1 Typ e compute r  an d operatin g syste m fo r  simulatio n 

7. 2 Compute r  languag e o r  simulatio n languag e use d 

8.  STUDIE S OR AREAS WHERE MODEL HAS BEEN USED 

8. 1 Specifi c  studie s wher e mode l  wa s use d 

8. 2 Relate d mode l  backgroun d 

9.  COMMENTS ON MODEL PERFORMANCE 

9. 1 Summary o f  validatio n result s 
9. 2 CLIM B level s achieve d 
9. 3 Genera l  conclusion s o n mode l  performanc e 

10.  APPLICABL E DOCUMENTS 
CLIMB LEVE L 2 .  SYSTEM MODELS AND SUBMODELS THEORETICAL AND INDIREC T 

DATA BASES 

Simulatio n mode l  an d submode l  performance s ar e compare d wit h theoretica l 
model s and/o r  existin g appropriat e validate d simulatio n models .  Method s 
of  comparin g mode l  performance s ar e identifie d an d result s give n a t  th e 
leve l  o f  visua l  inspection ,  exper t  opinio n an d plo t  overlays .  Analysi s 
methodolog y wit h assumption s an d deficiencie s ar e identified . 

1.  SYSTEM MODEL ELEMENTS 

1. 1 Genera l  descriptio n o f  syste m mode l 
1. 2 Bloc k diagra m o f  syste m mode l 
1. 3 Identificatio n o f  majo r  subsystem s 
1. 4 Assumption s an d justification s use d syste m mode l 

developmen t 

2.  IMPLEMENTATION DESCRIPTIO N 

2. 1 Lis t  o f  compute r  variable s 
2. 2 Processin g method s use d an d relevan t  paramete r 

identificatio n (i.e. ,  integratio n methods ,  initializatio n 
methods ,  compute r  wor d length ,  etc. ) 

2. 3 Require d progra m librar y element s 
2. 4 Require d compute r  resource s 
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3.  SYSTEM MODEL VERIFICATIO N 

3. 1 Criteri a fo r  mode l  verificatio n 
3. 2 Identif y method s use d fo r  mode l  verificatio n 
3. 3 Identif y dat a bas e use d fo r  mode l  verificatio n 
3. 4 Result s fro m mode l  verificatio n 

4.  VALIDATIO N OF SYSTEM MODEL' S STOCHASTIC COMPONENTS 

4. 1 Identificatio n o f  stochasti c component s 
4. 2 Criteri a fo r  achievin g validatio n 
4. 3 Validatio n method s an d technique s use d 

(Comparison s o f  means ,  variances ,  distributions ,  etc. ) 
4. 4 Dat a base s use d fo r  validatio n 
4. 5 Result s fro m validatio n effor t 

5.  VALIDATIO N AGAINST OTHER EXISTIN G MODELS 

5. 1 Identificatio n o f  existin g model s use d 
5. 2 Criteri a fo r  achievin g validatio n 
5. 3 Validatio n method s an d technique s use d 

(Comparison s o f  means ,  variances ,  distributions ) 
5. 4 Dat a base s use d fo r  validatio n 
5. 5 Result s fro m validatio n effor t 

6.  SUBSYSTEM CHARACTERIZATION AND BRIE F DESCRIPTIO N OF SUBSYSTEM MODELS 

6. 1 Genera l  descriptio n o f  mode l 
6. 2 Bloc k diagra m o f  subsyste m mode l 
6. 3 Criteri a fo r  validatio n 
6. 4 Validatio n method s use d 
6. 5 Validatio n result s 

7.  BENCHMARK TES T CASE 

7. 1 Descriptio n o f  benchmar k tes t  cas e 
7. 2 Inpu t  dat a an d compute r  configuratio n fo r  tes t  ru n 
7. 3 Outpu t  dat a o r  sampl e result s fo r  critica l  variable s 
7. 4 Criteri a fo r  acceptabilit y  o f  benchmar k result s 

8.  COMPUTER PROGRAMS 

8. 1 Use r  instruction s 

8. 2 Compute r  listin g 

9.  PROGRAM VERIFICATIO N 

9. 1 Criteri a fo r  verificatio n 

9. 2 Identif y method s fo r  verificatio n 
9. 3 Identif y dat a bas e use d fo r  progra m verificatio n 
9. 4 Result s fro m progra m verificatio n 

10.  APPLICABL E DOCUMENTS 
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CLIMB LEVEL 3 .  SUBSYSTEM REAL WORLD DATA BASE 

Real  worl d dat a i s usuall y availabl e o n a t  leas t  on e majo r 
subsyste m fo r  comparin g wit h simulate d mode l  results .  Schematic s an d 
technica l  documentatio n o f  th e tota l  comple x mode l  i s include d onl y i f 
th e nee d arise s resultin g fro m th e validatio n effort s describe d here . 
Statistical ,  logical ,  o r  deterministi c method s ar e identifie d fo r 
achievin g validatio n o f  th e subsyste m model .  Acceptabilit y  o f  th e 
submodel  i s noted . 

1.  REAL WORLD SUBSYSTEM DATA 

1. 1 Identificatio n o f  subsystem . 

1. 2 Lis t  o f  variable s fo r  whic h measure d dat a exist .  (Rea l 
worl d dat a recorde d i n a  forma t  consisten t  wit h th e 
forma t  o f  th e simulate d generate d data. ) 

1. 3 Dat a i n har d copy ,  i.e .  charts ,  graphs,  plots ,  etc . 
provide d t o correspon d t o th e critica l  variable s 
identifie d i n CLIM B LEVE L 1 .  Th e sourc e shoul d b e 
identifie d o f  an y additiona l  dat a available . 

2.  EXPERIMENTAL TES T ENVIRONMENT 

The descriptio n include s informatio n a t  th e subsyste m leve l  no t 
shown i n CLIM B LEVE L 2  diagrams ,  i.e. ,  inputs ,  outputs ,  tes t  points, 
scal e factors ,  submode l  linkages ,  etc . 

2. 1 Scenari o use d t o excit e subsyste m 

2. 2 Descriptio n o f  tes t  experimen t 

3.  METHODS AND TECHNIQUES USED I N COLLECTING REAL WORLD DATA 

3. 1 Dat a collectin g method s 

3. 2 Erro r  source s associate d wit h inpu t  an d outpu t 
measurement s 

3. 3 Analysi s performe d o n inpu t  an d outpu t  measure d dat a 

3. 4 Contac t  fo r  furthe r  informatio n o n measure d dat a 

-  Name 
-  Company addres s 
-  Telephon e numbe r 
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4.  TH E APPROACH USED FOR VALIDATIN G TH E SUBMODEL USIN G TH E REAL WORLD 
DATA 

4. 1 Criteri a fo r  validatio n 

4. 2 Validatio n method s use d 

4. 3 Validatio n result s 

4. 4 Mode l  change s du e t o validatio n effor t 

5.  TECHNICAL DOCUMENTATION FOR EXCITATIO N MFTHODS (EXCITATIO N SOURCES 
MAY B E DIFFERENT FOR SUBMODEL AND REAL WORLD SUBSYSTEMS) 

5. 1 Descriptio n o f  excitatio n method(s ) 

5. 2 Documentatio n o f  excitatio n dat a 

5. 3 Documentatio n o f  rea l  worl d subsyste m respons e 

5. 4 Documentatio n o f  submode l  respons e 

5. 5 Compute r  progra m listin g o f  excitatio n method s (Th e 
compute r  listin g o f  th e submode l  simulatio n wil l  b e show n 
i f  differen t  tha n th e listin g show n i n CLIM B LEVE L 2 ) 

5. 6 Excitatio n progra m fo r  hardwar e tes t  configuratio n 

6.  USER INSTRUCTIO N FOR TES T SET U P 

7.  BENCHMARK FOR TES T SE T U P 

7. 1 Descriptio n o f  benchmar k tes t  cas e 

7. 2 Initia l  condition s fo r  tes t  se t  u p 

7. 3 Outpu t  dat a o r  sampl e result s fo r  critica l  variable s 

7. 4 Criteri a fo r  acceptabl e benchmar k result s 

8.  APPLICABL E DOCUMENTS 

CLIMB LEVE L 4 .  HARDWARE-IN-THE-LOOP OPERATION 

A dat a bas e i s availabl e fro m a  hardware-in-the-loo p operatio n 
usin g a  majo r  subsyste m hardwar e component ,  e.g. ,  fo r  missil e systems , 
an autopilot ,  sensors/seekers ,  embedde d computers ,  actuators ,  etc .  A 
typica l  proces s i s t o includ e hardwar e use d t o collec t  dat a fro m CLIM B 
LEVEL 3 .  Result s fro m th e mode l  versu s hardwar e performanc e compariso n 



51 

i s  reporte d wit h specific s o n method s use d fo r  dat a comparison s an d 
performanc e validation .  Include d ar e specific s o n an y additiona l  mode l 
developmen t  environmen t  fo r  RF/EO/I R seekers . 

1.  DESCRIPTIO N OF HARDWARE-IN-THE-LOOP (HWIL )  SYSTEM 

1. 1 Descriptio n o f  hardwar e t o b e use d fo r  HWI L operation . 

1. 2 Descriptio n o f  compute r  syste m (Analog ,  Digital ,  Hybrid ) 
use d fo r  HWI L operation .  Specifically ,  wa s th e al l 
digita l  simulatio n progra m partitione d betwee n a  digita l 
and analo g computer ? 

2.  PARTITIONE D MODEL FOR HWI L OPERATION 

2. 1 Diagra m o f  th e partitione d mode l  showin g element s o f  th e 
model  t o b e replace d wit h hardwar e (Hardwar e i s define d 
as an y outsid e elemen t  connecte d t o th e digital ,  analog , 
or  hybri d compute r  relatin g t o th e rea l  worl d system. ) 

2. 2 Assumption s an d criteri a fo r  selectin g th e particula r 
partitione d configuratio n o f  th e model . 

2. 3 Mode l  variable s partitione d betwee n th e digita l  an d 
connectin g systems ,  includin g th e analo g computer . 

2. 4 Identif y th e mode l  variable s showin g rang e an d scal e 
factor s fo r  th e connectin g systems . 

3.  RESULTS OF HARDWARE I N TH E LOOP OPERATION 

3. 1 Tim e histor y plot s o f  critica l  variable s showin g th e 
al l  digita l  compute r  result s an d HWI L result s (Metho d o f 
showin g result s include s mean s an d variance s fo r  system s 
wit h rando m components. ) 

3. 2 Identif y an y dat a analysi s performe d fo r  comparin g th e 
al l  digita l  an d HWI L results ,  i.e. ,  tim e correlatio n 
analysis ,  distributio n functio n testing ,  powe r  spectra l 
densit y testing ,  etc . 

3. 3 Identif y an d chang e th e al l  digita l  simulatio n 
model  base d o n result s fro m HWTL operation . 

4.  COMPUTER PROGRAM 

4. 1 Partitione d digita l  progra m 

4.1. 1 Identif y change s o r  modificatio n t o th e 
digita l  compute r  progra m require d fo r  HWI L 
operation ,  i.e. ,  us e o f  rea l  tim e librar y 
subroutines ,  integratio n methods ,  etc . 
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4.1. 2 Inpu t  condition s an d tes t  scenari o fo r 
executin g th e al l  digita l  simulatio n 
partitione d fo r  HWI L configuration . 

4.1. 3 Expecte d outpu t  dat a fro m tes t  scenari o 

4.1. 4 Identif y specia l  progra m developmen t  fo r  HWI L 
operations ,  i.e. ,  rea l  tim e dat a recording , 
onlin e dat a analysi s rea l  tim e interrup t 
driver s 

4.1. 5 Lis t  specia l  program s require d fo r 
rea l  tim e o r  HWI L operations . 

4. 2 Connectin g System s 

4.2. 1 Identif y th e critica l  variable s betwee n th e 
digita l  progra m an d connectin g systems . 

4.2. 2 Identif y erro r  source s associate d wit h 
connectin g syste m variables . 

4. 3 Mode l  Variable s 

4.3. 1 Sho w verificatio n o f  th e partitione d mode l 
agains t  th e unpartitione d mode l 

4.3. 2 Sho w verificatio n o f  th e HWI L syste m 
agains t  th e partitione d mode l 

4. 4 Mode l  Validatio n 

4.4. 1 Validatio n o f  th e partitione d mode l  agains t  th e 
unpartitione d model . 

4.4. 2 Verificatio n o f  HWI L syste m agains t  th e 
partitione d model . 

CLIMB LEVEL 5 .  TOTAL REAL WORLD SYSTEMS OPERATIONS 

A dat a bas e i s availabl e fro m operatin g th e tota l  rea l  worl d 
system .  A s a  minimum ,  result s ar e reporte d o n th e validatio n effor t  fo r 
th e system' s critica l  variable s operatin g i n th e domai n o f  intende d 
application .  Specific s o n validatio n methodolog y an d performanc e 
comparison s ar e reported .  Evaluatio n an d conclusion s ar e mad e regardin g 
th e syste m mode l  performanc e an d deficiencies . 

1.  CONCLUSIONS AND COMMENTS ON MODEL VALIDATIO N EFFORT USIN G REAL 
WORLD SYSTEMS TES T RESULTS 
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2.  DESCRIPTIV E SUMMARY OF REAL WORLD TES T CONDITIONS AND TES T RESULTS 

3.  SYSTEM TES T ENVIRONMENT 

3. 1 Purpos e o f  tes t 

3. 2 Descriptio n o f  tes t  measuremen t  methodolog y 

3. 3 Locatio n o f  tes t  sit e an d ambien t  condition s a s relate d t o 
syste m tests ;  i.e. ,  temperature ,  pressure ,  win d velocity , 
humidity ,  etc . 

3. 4 Erro r  tolerance s i n th e measuremen t  syste m 

4.  DESCRIPTIO N OF TES T SCENARIO USED T O STIMULAT E TH E REAL WORLD 
SYSTEM 

4. 1 Descriptio n o f  targe t  o r  syste m tes t  drive r 

4. 2 Targe t  o r  tes t  drive r  initia l  condition s 

4. 3 Metho d use d fo r  reconstructin g syste m tes t  driver .  (A n 
exampl e fo r  a  missil e system ,  reconstructin g th e targe t 
trajector y woul d b e required. ) 

4. 4 Reconstructe d syste m tes t  drive r  dat a 

5.  REAL WORLD SYSTEMS PERFORMANCE RECONSTRUCTION 

5. 1 Initia l  condition s o n syste m parameter s a s measure d 

5. 2 Metho d o f  syste m performanc e reconstructio n 

5. 3 Reconstructe d syste m performanc e dat a (Example :  Missil e 
positio n an d velocit y history ,  tim e o f  fligh t  t o closes t 
approach ,  positio n o f  closes t  approach ,  etc. ) 

5. 4 Measure d dat a o n system 1s critica l  variable s 

6.  STRUCTURING OF SIMULATIO N MODEL FOR SYSTEM TES T CONDITIONS 

6. 1 Identif y simulatio n mode l  variable s initialize d usin g syste m 
tes t  data . 

6. 2 Identif y assumption s mad e abou t  simulatio n mode l  initia l 
condition s fo r  operatin g wit h syste m tes t  conditions . 

6. 3 Simulatio n mode l  generate d dat a usin g rea l  worl d syste m tes t 
conditions . 
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7.  ANALYSI S OF SIMULATED MODEL GENERATED DATA AND SYSTEM TES T RESULTS 

7. 1 Identif y methodolog y o f  dat a comparison . 

7. 2 Result s o f  comparin g simulatio n mode l  generate d dat a an d 
syste m tes t  results . 

8.  IDENTIF Y AND EXPLAI N DISCREPANCIES BETWEEN ADJUSTED MODEL GENERATED 
DATA AND REAL WORLD SYSTEM TES T RESULTS 

9.  RECOMMENDATION FOR MODEL IMPROVEMENT 
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APPENDIX B 

EXAMPLES OF TH E "CLIMB "  PROCESS 

The objectiv e o f  thi s appendi x i s t o illustrat e th e us e o f  th e 
Confidenc e Level s i n Mode l  Behavio r  (CLIMB )  proces s usin g a s example s a n 
actua l  simulatio n o f  a n electrica l  actuatio n svste m fo r  a  missile . 
Thes e example s follo w th e outline s o f  CLIM B Level s 1 ,  2  an d 3  presente d 
i n Appendi x A .  Th e simulatio n wa s performe d a t 
Messerschmitt-Bolkow-Bloh m GmbH unde r  th e cod e name d ELACT 3 . 

CLIMB LEVE L 1  EXAMPLE 

1.  MODEL OKIGI N AND RELATED INFORMATION 

1. 1 Tota l  Name o f  Simulatio n Mode l 

ELACT3:  Electrica l  Actuatio n Syste m 

1. 2 Name o f  Developin g Organizatio n 

Messerschmitt-Bolkow-Bloh m GmbH 

1.  3  Addres s o f  Developin g Organizatio n 

Messerschmitt-Bolkow-Bloh m GmbH 
Abteilun g AE1 3 
Postfac h 80114 9 
D-800 0 Munche n 8 0 
W-Germany 
Telex :  5287- 0 mbb d 

1. 4 Addres s o f  Contac t  fo r  Mode l  Informatio n 

-  Person :  Werne r  Bu b 
Address :  sam e a s Paragrap h 1. 3 

-  Phon e No :  089-6000412 5 

1. 5 Addres s o f  Contac t  fo r  Additiona l  Informatio n Abou t  Mode l 

-  Persons : 

Fridber t  Kilger ,  Phon e N o 089-6000230 2 
Herman Neubauer ,  Phon e N o 089-6000636 4 
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Address : 

Same a s par a 1. 3 

1. 6 Organizatio n fo r  Whic h Mode l  wa s Develope d 

Same a s par a 1. 3 

1. 7 Contac t  Perso n 

-  Person : 

Alfre d Huber ,  Phon e N o 089-6000081 5 

Address : 

Same a s par a 1. 3 

1. 8 Keyword s fo r  Dat a Bas e Processin g 

Electrica l  Actuator ,  Missil e Simulatio n 

2.  OBJECTIVES I N DEVELOPING TH E SIMULATIO N MODEL 

2. 1 Objective s o f  th e Simulatio n 

I n tactica l  missil e systems ,  a  se t  o f  fou r  fin s move d b y actuator s 
usuall y constitut e th e contro l  surface s o f  th e missil e airframe .  Thes e 
ar e containe d i n th e autopilo t  loo p t o produc e th e thre e rotationa l 
degree s o f  freedo m o f  th e missile . 

Objectiv e o f  th e developmen t  o f  th e presen t  mode l  wa s t o provid e a 
subsyste m mode l  o f  a n electrica l  actuato r  system ,  takin g hing e moment s 
int o account ,  tha t  coul d b e include d i n a n overal l  missil e syste m 
simulatio n model . 

2. 2 Backgroun d Informatio n Leadin g t o Mode l  Developmen t 

The Mode l  wa s develope d i n 197 8 t o b e use d fo r  simulatio n o f  th e 
EMS Experimenta l  Missil e System . 

3.  MODEL SUMMARY 

3. 1 Definitio n o f  Term s 

Commanded fi n Inpu t  variable ,  fi n deflectio n demande d fro m th e 
deflectio n autopilo t  syste m 

Externa l  hing e Inpu t  variable ,  hing e moment  generate d b y th e 
moment  aerodynami c fi n force s an d moment s 
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Devic e locke d Logica l  inpu t  variable ,  i f  true ,  th e actuato r 
i s locke d i n it s initia l  positio n 

Actua l  fi n de -
flectio n 

Outpu t  an d stat e variable ,  actua l  angula r  posi -
tio n o f  th e shaf t  o n whic h th e fi n i s mounte d 

Moto r  spee d Outpu t  an d stat e variable ,  angula r  spee d o f  th e 
shaf t  o f  th e electrica l  moto r 

Commanded moto r 
curren t 

Stat e variable ,  outpu t  variabl e o f  th e actuato r 
controlle r 

Actua l  moto r 
curren t 

Outpu t  an d stat e variable ,  actua l  moto r  curren t 
generate d i n respons e t o deman d fro m actuato r 
controlle r 

Moto r  feedin g 
voltag e 

Outpu t  variable ,  voltag e acros s th e terminal s o f 
th e electrica l  actuato r  moto r 
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3. 2 Conceptua l  Mode l  Showin g Majo r  Input/Outpu t  Variable s 

Actua l  fi n deflections ,  moto r  speed ,  moto r  voltag e an d moto r  curren t  ar e 
compute d a s a  functio n o f  commande d value s fo r  desire d fi n deflections , 
th e moment s actuall y actin g o n th e hinges ,  an d a  logica l  variabl e whic h 
determine s whethe r  th e devic e i s locke d o r  unlocked .  Fi g 1  show s th e 
basi c function s whic h mode l  ELACT3 performs . 

commanded fi n deflectio n 

hing e moment 

locked/unlocke d 

ELACT3 

actua l  fi n deflectio n 

moto r  spee d 

moto r  curren t 

Fi g B- l  Basi c Mode l  Function s 

3. 3 Summary Descriptio n o f  Mode l  Applicatio n 

Model  ELACT3 ca n b e use d i n th e scop e o f  missil e model s i f  a  mode l 
of  th e aerodynami c hing e moment s actin g o n th e fin s i s available . 
Intende d application s are : 

-  Autopilo t  studie s 

-  Syste m simulatio n studie s -  i f  hing e moment s hav e a  sensibl e 
effec t  o n syste m performanc e o r  i f  a n estimat e o f  overal l  powe r 
consumptio n durin g a  missio n ha s t o b e obtaine d 

-  Actuato r  desig n studie s fo r  verificatio n o f  basi c desig n 
parameter s 

-  Usag e a s a  mode l  o f  a  typica l  electrica l  actuato r  syste m fo r 
othe r  application s wher e loa d moment s ar e importan t 

3. 4 Natur e o f  Mode l 

The mode l  i s continuous ,  i.e. ,  i t  i s  describe d b y thre e ordinar y 
differentia l  equations .  Th e mode l  i s basicall y o f  deterministi c natur e 
i n th e sens e tha t  i t  doe s no t  contai n an y interna l  source s o f  noise . 
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FUNCTIONAL MODEL 

4. 1 Descriptio n o f  Functiona l  Mode l 

Sinc e th e influenc e o f  externa l  hing e moment s i s take n int o 
account ,  a  physicall y functiona l  mode l  i s necessary .  Therefore ,  th e 
model  i s compose d o f  th e actuato r  controller ,  th e electrica l  powe r 
amplifier ,  th e electrica l  shun t  moto r  wit h gea r  drive ,  an d pickup s fo r 
moto r  spee d an d fi n position .  Th e dynamic s o f  th e powe r  amplifie r  a s 
wel l  a s th e dynamic s an d highe r  orde r  effect s o f  th e roto r  circui t  ar e 
neglected .  Th e overal l  dynamic s fo r  smal l  signal s correspond s t o a 
thir d orde r  transfe r  function .  Nonlinea r  behaviou r  i s th e resul t  o f 
limit s fo r  moto r  current ,  moto r  voltage ,  an d moto r  speed ,  whic h ar e 
represente d i n th e model . 

4. 2 Functiona l  Bloc k Diagra m an d Majo r  Variable s 

The mode l  i s compose d o f  th e followin g functiona l  blocks : 

-  Actuato r  controlle r 

-  Electrica l  powe r  amplifie r 

-  Electrica l  moto r  wit h associate d gea r  driv e 

-  Sensor s fo r  fi n positio n an d moto r  spee d 

The relationshi p betwee n thes e functio n o f  block s ar e depicte d i n 
th e followin g functiona l  bloc k diagram : 

commanded 

f i n 

* 

l ocked/ 
unlocked 

' 

c o n t r o l l er 

i 

power 
a m p l i f i er 

. 

t 
\ 

hinge 
moment 

aotor 
ro l tage 

i 

'  < 

A 

' 

motor + 
gear 

1 
m 
c 

J tor 
j r r en C 

. a c t u al 
f i n d e f l e c t i on 

sensors 

m. 
s 

Dtor 
>eed 

Fi g B- 2 Functiona l  Bloc k Diagra m 

4. 3 Definitio n an d Comment s o n Majo r  Variable s i n Functiona l 
Bloc k Di a gra m 

Same a s i n Paragrap h 3. 1 
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4. 4 Critica l  Variable s fo r  Mode l  Validatio n 

-  Actua l  fi n deflectio n 

-  Moto r  spee d 

-  Actua l  moto r  curren t 

5.  MODEL APPLICATIO N 

5. 1 Domai n o f  Intende d Applicatio n o f  Simulatio n Mode l 

The mode l  ca n b e use d withou t  specia l  precaution s withi n th e domai n 
define d b y it s basi c desig n parameter s (ma x fi n deflection ,  max 
defletio n rate ,  max hing e moments ,  bandwidth ,  etc.) . 

5. 2 Majo r  Assumption s Use d i n Developin g th e Mode l 

I n vie w o f  th e rea l  actuato r  syste m an d o f  th e intende d 
applications ,  th e mode l  represent s th e followin g features : 

-  Thir d orde r  dynamic s 

-  Moto r  curren t 

-  Frictio n an d hing e moment s 

-  Limitation s i n actua l  fi n deflection ,  moto r  spee d an d moto r 
curren t 

-  Rigi d bod y dynamic s 

5. 3 Majo r  Know n Limitation s i n Domai n o f  Applicatio n 

I f  th e desig n o f  th e rea l  actuato r  syste m i s sound ,  th e neglecte d 
effect s suc h a s backlash ,  gea r  efficiency ,  elasticit y o f  mechanica l 
parts ,  moto r  commutatio n an d coggin g effects ,  deterioratio n o f  magneti c 
flu x an d th e dynamic s o f  th e powe r  amplifie r  shoul d ne t  hav e a  sensibl e 
effec t  o n th e stati c an d dynami c behavio r  o f  th e devic e an d therefor e 
als o o n th e model . 

5. 4 Non-obviou s Exclusion s fro m Mode l 

Not  identifie d i n presen t  model . 

5. 5 Input s t o an d Output s fro m Mode l 

5.5. 1 Model s Providin g Input s 

The input s t o mode l  ELACT3 hav e t o b e provide d by : 

-  A n autopilo t  mode l  whic h calculate s desire d fi n 
deflection s 
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A mode l  o f  hing e moment s whic h compute s th e aerodynamic s 
loa d moment s actin g o n th e actuato r  hing e a s a  functio n 
of  fi n incidence . 

5.5. 2 Model s Usin g Output s 

The principa l  outpu t  o f  mode l  ELACT3 i s actua l  fi n deflection . 
Thi s outpu t  provide s dat a t o comput e aerodynami c force s an d moment s 
actin g o n th e missil e bod y an d o n th e actuato r  hinges .  Additiona l 
output s ca n b e use d t o monito r  actuato r  performance .  Th e outpu t  moto r 
curren t  i n conjunctio n wit h a  powe r  suppl y mode l  ca n b e use d t o 
determin e powe r  consumptio n ove r  missil e fligh t  time . 

6.  MODEL VALIDATIO N PHILOSOPHY 

6. 1 Criterio n fo r  Validatio n 

Criterio n fo r  validatio n require s tha t  th e mode l  respons e an d th e 
respons e o f  th e rea l  actuato r  syste m b e matchin g reasonabl y wel l  fro m a n 
engineerin g poin t  o f  vie w usin g th e sam e kin d o f  syste m excitatio n an d 
observin g th e variable s identifie d i n Paragrap h 4.4 . 

6. 2 Methodolog y fo r  Validatio n 

Validatio n wa s performe d agains t  dat a obtaine d fro m benc h tes t  wit h 
th e rea l  actuatio n system .  A  ste p functio n fo r  "commande d fi n 
deflection "  wa s applie d a s a n inpu t  tes t  function .  Th e syste m respons e 
wit h respec t  t o th e critica l  variable s identifie d i n Paragrap h 4. 4 wer e 
recorde d o n a  multi-channe l  recorder .  Th e correspondin g tes t  wa s 
performe d wit h th e mode l  an d th e critica l  variable s wer e recorde d o n 
plot s usin g th e sam e forma t  an d scal e factor s a s o n th e multi-channe l 
recorder .  Compariso n wa s performe d b y visua l  overla y o f  th e tw o syste m 
responses .  Qualit y o f  coincidenc e wa s judge d b y engineer s experience d 
i n actuato r  desig n an d i n missil e modelling .  N o forma l  measure s fo r 
goodnes s o f  fi t  hav e bee n used . 

7.  SUMMARY COMMENTS ON SIMULATIO N IMPLEMENTATION 

7. 1 Typ e Compute r  an d Operatin g Syste m 

The Mode l  i s implemente d digitall y  o n a n CDC 660 0 Compute r  unde r 
NDS 1.4 ,  leve l  552 . 

7. 2 Languag e 

Standar d ANSI-FORTRAN IV . 

8.  STUDIE S OR AREAS WHERE MODEL HAS BEEN USED 

8. 1 Specifi c  Studie s wher e Mode l  wa s use d 

The mode l  wa s use d fo r  th e purpos e mentione d i n Paragrap h 2.2 . 
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8. 2 Relate d Mode l  Backgroun d 

8.2. 1 Simila r  Model s 

Model  ELACT3 i s a  member  o f  a  famil y o f  severa l  actuato r  models : 

ACT1:  Firs t  orde r  genera l  actuato r  mode l  wit h positio n 
and spee d limits . 

ACT2:  Secon d orde r  genera l  actuato r  mode l  wit h limit s 
fo r  acceleration ,  spee d an d position . 

ELACT3:  Thir d orde r  electromechanica l  actuato r  model , 
takin g limit s an d hing e moment s int o account . 

-  ELACT4 :  Detaile d mode l  t o b e use d i n electrica l 
actuato r  desig n studies . 

8.2. 2 Mode l  Structur e 

Model  ELACT3 i s a  strippe d versio n o f  mode l  ELACT4 tha t  use d fo r 
desig n o f  th e actuator .  Th e newl y develope d actuato r  syste m wa s 
acceptanc e teste d agains t  result s obtaine d wit h ELACT4 .  I n ELACT3 ,  onl y 
thos e feature s ar e represente d tha t  ar e necessar y t o mee t  th e objective s 
mentione d i n Paragrap h 2.1 .  Th e choic e ha s bee n mad e b y engineer s 
experience d i n actuato r  desig n an d i n missil e syste m modelling . 

8.2. 3 Mode l  Dat a 

The parameter s an d constant s fo r  th e mode l  hav e bee n take n fro m 
model  ELACT4 an d hav e bee n validate d b y measurement s o n th e actua l 
syste m durin g it s development . 

9.  COMMENTS ON MODEL PERFORMANCE 

9. 1 Summarv o f  Validatio n Result s 

Sinc e n o devic e wa s availabl e whic h woul d b e capabl e t o appl v a 
define d moment  or .  th e hing e o f  Lu e tea l  syste m unde r  dynami c conditions , 
validatio n wa s possibl e onl y withou t  externa l  load . 

For  th e test s performed ,  coincidenc e o f  th e variable s "fi n 
deflection "  an d "moto r  speed "  wa s ver y goo d wherea s th e moto r  curren t  o f 
th e mode l  matche d th e curren t  o f  th e rea l  syste m reasonabl y wel l  onl y 
durin g acceleratio n an d deceleratio n phases .  A  larg e ripple ,  whic h i s 
induce d i n th e rea l  syste m b y moto r  effect s suc h a s cogging , 
commutation ,  etc. ,  doe s no t  exis t  i n th e cas e o f  th e mode l  sinc e moto r 
effect s ar e no t  included . 

The wa y mechanica l  frictio n wa s ̂ represente d i n th e mode l  wa s no t 
reasonable .  When th e mode l  approache d a  stead y state ,  a  limi t  cycl e 
was generated ;  th e characteristic s o f  whic h ar e ver y sensitiv e t o th e 
implementatio n parameter s (e.g. ,  integratio n ste p size) . 
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9. 2 CLIM B Leve l  Achieve d 

CLIMB Leve l  3  ha s bee n achieved . 

9. 3 Genera l  Conclusion s o n Mode l  Performanc e 

ELACT3 i s a  reasonabl e mode l  o f  a  thir d orde r  actuatio n system . 
The stati c an d dynami c performance s ar e wel l  represented .  Th e represen -
tatio n o f  th e moto r  curren t  i n th e mode l  allow s th e correc t  represen -
tatio n o f  degradatio n i n dynami c performanc e whe n th e curren t  reache s 
it s limitatio n bound s a s wel l  a s t o obtai n a n estimat e o f  electrica l 
power  consumption ,  whereas ,  th e representatio n o f  moto r  curren t  wit h 
respec t  t o tim e i s poo r  becaus e o f  th e neglecte d hig h orde r  effects . 
Cautio n ha s t o b e observe d whe n usin g th e mechanica l  frictio n featur e o f 
th e model ,  a s explaine d i n Paragrap h 9.1 . 

When th e mode l  i s use d withi n a n autopilo t  loop ,  stead y stat e 
condition s wil l  practicall y neve r  b e reache d an d th e limi t  cycl e wil l 
probabl y neve r  b e excited .  Therefore ,  i f  on e wishe s t o deriv e a n 
estimat e o f  powe r  consumptio n o f  th e actuatio n system ,  th e mode l  coul d 
be use d takin g frictio n int o accoun t  i f  th e necessar y cautio n i s 
observed . 

10.  APPLICABL E DOCUMENTS 

ELACT4,  Documentatio n o f  th e Desig n Mode l  o f  a n 
Electrica l  Actuatio n System . 

CLIMB LEVE L 2  EXAMPLE 

1.  SYSTEM MODEL ELEMENTS 

1. 1 Genera l  Descriptio n o f  Syste m Mode l 

The mode l  i s compose d o f  th e followin g functiona l  blocks : 

-  Actuato r  controlle r 

-  Electrica l  powe r  amplifie r 

-  Electrica l  moto r  wit h associate d gea r  driv e 

-  Sensor s fo r  fi n positio n an d moto r  spee d 

Thes e ca n readil y b e identifie d i n Fi g B-3 . 

1. 2 Bloc k Diagra m o f  Syste m Mode l 

Represente d b y Fi g B- 3 

1.  3  Majo r  Subsystem s 



MOTOR/GEAR 

Cc # H> 

ACTUATOR CONTROLLER 

Fig B-3 Deta i led Block Diagram 
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1.3. 1 Actuato r  Controlle r 

The actuato r  controlle r  i s  a  PID-controller ,  th e thre e coefficient s 
of  whic h ar e calculate d fro m th e denominato r  polynomia l  o f  th e desire d 
thir d orde r  overal l  transfe r  function . 

1.3. 2 Power  Amplifie r 

The powe r  amplifie r  provide s a  curren t  t o th e moto r  tha t  i s 
commanded b y th e actuato r  controller .  Neglectin g dynami c effects ,  i t  i s 
represente d b y it s stead y stat e behavio r  takin g int o accoun t  limit s fo r 
moto r  curren t  an d voltage . 

1.3. 3 Electrica l  Motor/Gear/Loa d 

The mode l  o f  thi s bloc k use s th e basi c law s o f  a  d c shun t  motor , 
neglectin g th e dynamic s o f  th e roto r  circuit .  Th e gea r  i s represente d 
by it s rati o an d it s coefficien t  fo r  friction . 

1.3. 4 Sensor s 

The pickup s fo r  moto r  spee d an d fi n deflectio n ar e modelle d b y 
erro r  term s fo r  set-of f  an d scalin g errors . 

1. 4 

1.4. 1 

Model  Interfac e 

Model  Input s 

Mnemonic 
Name 

LL 

DT 

SIC 

MH 

Type 

LOGICAL 

REAL 

REAL 

REAL 

Symbol 

L 
L 

0 

% 

Dimensio n 

s 

ra d 

Nm 

Meanin g 

Devic e locke d i f  tru e 

Communicatio n interva l 

Commanded fi n deflectio n 

Hing e moment 

Tab 1  #  Input s t o ELACT3 
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1.4. 2 Model  Output s 

Mnemonic 
Name 

SI 

DSI 

I C 

I M 

UC 

Type 

REAL 

REAL 

REAL 

REAL 

REAL 

Symbol  Dimensio n Meanin g 

M 

UM 

u 

ra d 

rad/ s 

A 

A 

V 

Fi n positio n 

Moto r  spee d 

Commanded moto r  curren t 

Actua l  moto r  curren t 

Moto r  feedin g voltag e 

Tab 2  Output s fro m ELACT3 

1. 5 Assumption s an d Justification s Use d fo r  Syste m Mode l 

See Paragrap h 10 ,  B-l . 

1. 6 Mathematica l  Mode l 

I n th e followin g paragraphs ,  th e mathematica l  mode l  o f  th e 
electromechanica l  actuatio n syste m wil l  b e described .  Th e mode l 
variable s ar e liste d i n Ta b 3 ,  th e mode l  constant s an d parameter s ar e 
liste d i n Ta b 4 ,  an d th e detaile d bloc k diagra m o f  th e syste m i s show n 
i n Ti g B-3 . 

The followin g convention s hav e bee n use d fo r  notation : 

Constant s an d parameters :  Capita l  letter s 

Variables :  Smal l  letter s 

-  Subscrip t  "M "  stand s fo r  "Motor " 

Subscrip t  "m "  stand s fo r  "Measure d value " 

Subscrip t  "c "  stand s fo r  "Commande d value " 

"V "  indicate s "valu e o f  limitatio n fo r  variabl e v " 



67 

Mnemonic 
Name 

I C 

SI C 

SI M 

DSI 

DSIM 

I M 

UC 

UE 

SI 

LL 

MM 

MH 

Type 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

LOGICAL 

REAL 

REAL 

Symbol 

i 
c 

o 
c 

a 
m 

h M 

*M 
m 

*M 

u c 

UE 

a 

LL 

" M 

" H 

Dimen-
sio n 

A 

ra d 

ra d 

rad/ s 

rad/ s 

A 

V 

V 

ra d 

logica l 

Nm 

Nm 

Meanin g 

Commanded moto r 
curren t 

Commanded fi n 
deflectio n 

Measure d fi n 
deflectio n 

Motor  spee d 

Measure d moto r 
spee d 

Actua l  moto r 

Moto r  feedin g 
voltag e 

Motor  EMF 

Actua l  fi n de -
flectio n 

"Devic e locked " 

Motor  moment 

Externa l  hing e 
moment 

Remarks 

Stat e variabl e 

Inpu t  variabl e 

State/outpu t  var . 

State/outpu t  var . 

Outpu t  variabl e 

State/outpu t  var . 

Inpu t  variabl e 

Tnput  variabl e 

Tab 3. Model Var iab les 
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Mnemonic Typ e Symbo l  Dimen -  Valu e Toler -  Defini -
Name sio n anc e tio n b y 

Meanin g 

OM 

B 

C 

KG 

Kl 

K2 

K3 

K4 

K5 

DELSI 

SDMAX 

SIMAX 

RM 

CE 

CM 

IMG 

ICMAX 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

REAL 

0) 

b 

c 

KG 

Kl 

K2 

K3 

\ 

K5 

Ao 

°M 

t 

RM 

CE 

CM 

J 

f 

1/ s 

-

-

-

As 

s 

1/ s 

-

-

ra d 

rad/ s 

rad/ s 

P. 

Vs/ra d 

Nm/A 

Nms 

A 

185 

3. 1 

4. 0 

96 

b a 2 J/C M 

c/( b 0) ) 

03/ b 

1 

1 

0 

288 

0.34 9 

5. 4 

0.070 7 

0.070 7 

ID" 5 

6.7 6 

-

-

-

-

± 6 % 

± 6 % 

+ 6 % 

+ 2 % 

± 0.5 % 

± 0.00 6 

± 5 % 

± 3 % 

5.4..6. 8 

± 10 % 

± 10 % 

± 10 % 

± 5 % 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

DATA 

UCMAX REAL 56 DATA 

CR 

MR 

MHMAX 

REAL 

PEAL 

REAL 

r 
~R 

MR 

% 

-

Nm 

Nm 

0 2 

0.0 2 

^C C M K G 

-»-  Qn» / 

± 50 % 

n » T » 

DATA 

DATA 

Syste m desig n paramete r 

Syste m desig n paramete r 

Syste m desig n paramete r 

Gear  rati o 

Controlle r  paramete r 

Controlle r  paramete r 

Controlle r  paramete r 

o-sensor ,  scalin g erro r 

o-sensor ,  scalin g erro r 

o-sensor ,  se t  of f  erro r 

Controller ,  limi t 

Limi t  o f  commanded fi n 
deflectio n 

Motor  resistanc e 

Coefficien t  o f  EMF 

Motor  constan t 

Moment  o f  inerti a 

Limi t  commanded moto r 
curren t 

Power  amplifie r  max . 
outpu t  voltag e 

n £a _. s  » .  _ r 
U U C 1 1 1 L 1 C 1 I L \ - I J . 

Frictio n moment 

Max.  hing e moment 

Tab 4,Mode l  Parameter s an d Constant s 
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Actuato r  Controlle r 

differentia l  equatio n fo r  th e PTD-controller ,  takin g th e gea r 
int o account ,  i s  a s follows : 

( i  )  =  K  •  K  •  K .  ( a -  o  )  -  K  . •  a M -  K .  -  K Q •  o M c 1 3 G c m 1  Mm 1  2  Mm 

limit s 

l K3 '  KG (0 c -  °J\<% 
* c <  I 

c 
.  =  tru e (devic e locked) :  i  = 0 . 
L c  -

th e rea l  syste m a M i s  generate d b y a  differentiatin g networ k 
B-3) .  Fo r  th e model ,  a  i s generate d fro m th e equilibriu m o f 
Ref  Paragrap h 1.6.3 .  a M i s  forme d b y multiplicatio n wit h K, , 

>rap h 1.6.4 . 

Computatio n o f  Controlle r  Parameter s 

overal l  transfe r  functio n o f  th e actuato r  system ,  neglectin g 
th e dynamic s o f  th e moto r  curren t  circuit ,  is : 

c( s 
1 

3 h 2 s , 

K1 K2 CM K 3 K 3 

Give n th e transfe r  functio n o f  th e desire d behavio r  o f  th e actuato r 
syste m 

1 
a(s )  =  r  =  •  a  (s ) 

( V +  c  ( V +  b  (- )  +  1 
03 0 3 0 3 

we ge t  b y compariso n o f  coefficients : 

K.  =  b  •  o) 2 *  J/C- , 
1 M 

K2 =  c/( b 03 ) 

K 3 =  o)/ b 

J i s th e tota l  moment  o f  inerti a o f  th e motor/gear/fi n assembly , 
define d a t  th e moto r  sid e o f  th e assembly .  Thi s wa y i t  i s  possibl e t o 
calculat e th e coefficient s o f  th e actuato r  controller ,  give n th e dynami c 
desig n parameter s 03 ,  b ,  c . 
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1.6. 2 Powe r  Amplifie r 

The tas k o f  th e powe r  amplifie r  i s  th e transformatio n o f  th e 
commanded moto r  current ,  a s compute d b y th e actuato r  controller ,  int o 
rea l  moto r  current .  Th e bandwidt h o f  th e rea l  devic e i s  aroun d 60 0 H  . 
Thi s i s  larg e compare d wit h th e bandwidt h o f  th e overal l  actuato r  syste m 
and ca n therefor e certainl y b e neglecte d fo r  th e intende d purpos e o f 
thi s model . 

The stead y stat e equation s o f  th e powe r  amplifie r  are : 

C C  M 

I f | uc |>Uc : uc = Uc . sign ( y 

*M  = ( Uc " UE) / RM 

1.6. 3 Motor/Gear/Loa d 

Moment,  generate d b y th e motor : 

mM =  C M# i M 

Equilibriu m o f  moments : 

J 0 M =  ™M +  mL "  V  | mL|  '  Sig n V  -  * R *  Slg n CoY? 
ro L =  V KG 
5 M =  f% d t  +  hno 

= K  /  K G)d f  +  % 
I f  L _ =  tru e (devic e locked )  :  a w - b.r =  0 

L M Mo 

a = o ~ A a 
o 

1.6. 4 Sensor s 

The feedbac k value s fo r  th e controller ,  moto r  spee d an d actua l  fi n 
deflection ,  ar e measure d b y a  tach o generato r  an d a  potentiometer .  Th e 
tach o generato r  i s  represente d b y a  scalin g error : 

o\ .  =  K .  •  a.. 
Mm 4  M 

o-Mm 4  *  Q M 

The positio n picku p i s  represente d b y set-of f  an d scalin g error : 

am =  K  •  a -  A a 
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2. IMPLEMENTATION DESCRIPTIO N 

The mode l  i s implemente d digitall y  a s a  singl e subroutin e name d 
ELACT3,  writte n i n Standar d ANSI  FORTRAN IV . 

2. 1 Lis t  o f  Compute r  Variable s 

The compute r  variables ,  apar t  fro m temporar y variables ,  ar e liste d 
i n th e followin g tables : 

Inpu t  Variable s Ta b ] 
Outpu t  Variable s Ta b 2 
Model  Variable s Ta b 3 
Model  Parameter s an d Constant s Ta b 4 
Implementatio n Variable s Ta b 5 
Implementatio n Parameter s Ta b 6 

Mnemonic 

LL 

Type 

LOGICAL 

Definitio n b y 

inpu t 

Meanin g 

tru e =  initializatio n 
fals e =  integratio n 
identica l  t o "devic e 
locked " 

TERR 

I R 

INTEGER 

INTEGER 

conditio n withi n 
ELACT 3 

ELACT 3 

Erro r  indicato r 

Counte r  fo r  integratio n 
contro l 

Mnemonic 

DT 

DTRK 

DTRMO 

IR M 

Type 

REAL 

REAL 

REAL 

INTEGER 

Tab 5.Implementatio n Variable s 

Definitio n b v Meanin g 

inpu t  Communicatio n interva l 

ELACT3 Interna l  integratio n ste p 

DATA Uppe r  boun d fo r  integratio n 
ste p 

ELACT3 Number  o f  integratio n step s 
per  communicatio n interva l 

TAB 6 .  Implementatio n Parameter s . 
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2.2 P rocess ing Methods 

2.2. 1 Functio n Allocatio n 

The function s ar e performe d a s describe d i n Paragrap h 1.6 .  Ther e 
i s a  clea r  correspondenc e betwee n th e implemente d cod e an d thos e 
functions . 

2.2. 2 Integratio n Metho d 

For  integratio n o f  th e differentia l  equations ,  th e Eule r  metho d 
i s used .  Becaus e o f  th e dynamic s o f  th e modele d device ,  usuall y a 
smalle r  integratio n step ,  DTRM,  tha n th e communicatio n interva l  D T ha s 
t o b e used .  Durin g initilization ,  ELACT3 compute s a  suitabl e 
integratio n ste p size ,  assurin g tha t  i t  i s  a n integra l  fractio n o f  th e 
communicatio n interva l  no t  greate r  tha n DTRMO: 

DTRM =  DT/ n <  DTRMO 

wit h n  =  suitabl e integer : 

n =  in t  [DT/DTRM O +0.5 ] 

At  ever y cal l  t o ELACT3 ,  n  integratio n step s ar e performed .  Thi s 
i s controlle d throug h th e variabl e I R an d paramete r  IR M ( = n ) . 

2.2. 3 Mode l  Parameter s an d Constant s 

Model  parameter s an d constant s ar e define d b y DATA-statement s 
withi n ELACT3.  The y canno t  b e altere d b y callin g th e subroutine .  Ther e 
i s n o stochasti c variatio n o f  mode l  parameter s implemented . 

2.2. 4 Initializatio n 

The firs t  cal l  t o ELACT3 mus t  b e a n initializatio n call .  Thi s i s 
performe d b y callin g i t  wit h th e inpu t  variabl e L L =  TRUE .  Stat e 
variable s ar e se t  t o initia l  conditions ,  th e controlle r  coefficient s ar e 
compute d a s wel l  a s th e interna l  integratio n ste p size ,  an d th e erro r 
indicato r  IER R i s reset .  Initializatio n call s ca n b e repeated . 

2.2. 5 Erro r  Detectio n 

The erro r  indicatio n i s se t  t o 1  i f  th e externa l  hing e moment 
exceed s 80 % o f  th e maximu m hing e moment  define d a s 

c \ : 

2. 3 Require d Progra m Librar y Element s 

Apar t  fro m standar d ru n time ,  librar y routin e ELACT3 doe s no t  cal l 
any subroutine . 

2. 4 Require d Compute r  Resource s 
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2.4. 1 Require d Periphera l  Equipmen t  an d Dat a File s 

The progra m doe s no t  nee d an y periphera l  equipmen t  o r  dat a files . 

2.4. 2 Memor y Requirement s 

Subroutin e ELACT3 occupie s 15 2 60-bit-word s o f  mai n memor y o n CDC 
6600 . 

2.4. 3 Runnin g Tim e 

The executio n tim e pe r  cal l  t o ELACT3 wit h 5  interna l  integratio n 
step s o n a  CDC 6600 0 Compute r  i s 48 0 sec . 

3.  SYSTEM MODEL VERIFICATIO N 

3. 1 Criteri a fo r  Mode l  Verificatio n 

The followin g criteri a hav e bee n use d fo r  mode l  verification : 

(a )  Mode l  response s t o ste p inpu t  function s shoul d b e a s predicte d 
by theor y an d a s expecte d du e t o a n expert' s  understandin g o f 
th e syste m (plausibility) . 

(b )  Insensitivit y o f  mode l  behavio r  wit h respec t  t o digita l 
integratio n parameters . 

3. 2 Method s Use d fo r  Mode l  Verificatio n 

The methodolog y use d fo r  mode l  verificatio n i s summarize d i n Ta b 7 . 

3.2. 1 Dynami c Mode l  Behavio r  Tes t 

Objectiv e wa s t o assur e tha t  th e mode l  behave s dynamicall y a s 
expecte d fro m theor y an d fro m a n experts '  experience . 

3.2. 2 Sensitivit y wit h Respec t  t o Implementatio n Parameter s 

Objectiv e wa s t o assur e tha t  mode l  behavio r  doe s no t  depen d o n 
implementatio n particularitie s an d parameters . 

3. 3 Dat a Base s use d fo r  Verificatio n 

3.3. 1 Dynamic s Mode l  Behavio r  Test s 

3.3.1. 1 Referenc e Dat a Bas e 

3.3.1.1. 1 Mode l  Behavio r  withou t  Mechanica l  Frictio n 

Neglectin g mechanica l  frictio n ( M =  C  =  0 ) ,  th e followin g test s 
hav e bee n performed . 



Type o f  Verifi -
catio n Tes t 

Dynami c Mode l 
Behavio r 

Sensitivit y wrt. 
Implementatio n 
Parameter s 

Dat a Base s 

Model  Generate d 
Dat a Bas e 

Variou s Mode l 
Response s o n 
Ste p Input s 

Plot s o f  Criti -
cal  Variable s 

as (1 ) 

Referenc e 
Dat a Bas e 

Verificatio n Tes t 

Metho d 

Linea r  Domain :  Analytica l  Visua l  Inspectio n 
Solutio n o f  Tim e Respons e b y Expert s 
of  3r d orde r  Transfe r 
Functio n Plo t  Overlay s 

Nonlinea r  Domain :  Precal -
culatio n o f  Typica l  Respons e 
Quantitie s 

Plot s o f  Critica l  Variable s 

as (1 ) as (1 ) 

Criteri a 

Reasonabl e Coincidenc e fro m 
an Engineerin g viewpoin t 
(Exper t  Opinion ) 

No anomalie s o r  Unexplainabl e 
Effect s 

Reasonabl e Insensitlvit y wrt. 
Integratio n Ste p Siz e A t 

Result s 

o.k . 

o.k . 

o.k .  fo r 
At  <  0.00 1 
sec 

Tab 7 .  Methodolog y o f  Mode l  Verificatio n 
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Test  A ;  Operatio n i n nonlinea r  domain . 
Rectangula r  input ,  c  =  ±  0.2 6 rad ,  n o externa l  load , 
chang e i n a  ever y 40 0 ms . 
The transitio n slop e o f  a  i s require d t o correspon d t o 
maximum moto r  spee d divide d b y gea r  ratio : 

cr Vf  -  288/9 6 =  3  rad/se c Mmax 

Therefore ,  neglectin g th e dynamic s o f  th e system ,  th e 
transitio n tim e of c betwee n stead v stat e value s shoul d 
be approximatel y 

t  =  Aa/d_ _ =  0.52/ 3 =  0.17 3 se c 
Max 

The moto r  curren t  i  i s  require d t o overcom e mechanica l 
inerti a durin g th e acceleration/deceleratio n phases .  A s 
soo n a s moto r  spee d a  reache s it s saturatio n valu e o f 
288 rad/se c o r  th e valu e zero ,  moto r  curren t  i M ha s t o g o 
t o zero . 

Test  B :  Operatio n a t  th e limit s o f  linearity . 
Rectangula r  input ,  a  =  ±  0.0 7 rad ,  n o externa l  load , 
chang e i n a  ever y 40 0 ms . 

Test  C :  Operatio n i n th e linea r  domain . 
Rectangula r  input ,  o = ± 0.01 7 rad ,  n o externa l  load , 
chang e i n a  ever y 40 0 ms . 

The require d mode l  respons e ca n b e calculate d 
analytically ,  usin g th e desire d transfe r  functio n (se e 
Paragrap h 1.4.1.1): 

1 
(s )  =  0 (s) 

(I f  + b . /£ f  +  c # l  +  i  c 

wit h parameter s oo ,  b ,  c ,  accordin g t o Ta b 4 . 

For  thi s smal l  ste p input ,  n o on e o f  th e limitatio n value s i s 
reache d an d th e implemente d mode l  shoul d reproduc e th e analytica l 
solutio n wit h hig h accuracy . 

Test  D :  Nonlinea r  operatio n wit h externa l  hing e moment .  Rectangula r 
input ,  a  =  ±  0.2 6 rad ,  m„  =  -1 5 Nm,  chang e i n a  ever y 
/A A c  "  c 

400 ms . 

As lon g a s neithe r  current s no r  voltage s reac h thei r 
saturatio n values ,  th e tim e historie s o f  o  an d o shoul d b e 
th e sam e a s wit h Tes t  A .  Als o i  shoul d sho w th e behavio r 

M 
as i n Tes t  A ,  bu t  wit h a  constan t  offse t  valu e whic h i s 
necessar y t o compensat e fo r  th e externa l  load .  Thi s offse t 
valu e shoul d b e 
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- m 1 5 

* M
 =  r  K =  -  2.2 1 A 

M *  G  0.070 7 •  9 6 

3.3.1.1. 2 Mode l  Behavio r  Includin g Mechanica l  Functio n 

Above Test s A  throug h D  hav e t o b e repeate d wit h mechanica l 
friction ,  i.e. ,  M^  =  0.0 2 N m an d C  =  0.2 .  I n tes t  case s withou t 
externa l  load ,  th e behavio r  o f  a  an d 6\ ,  shoul d b e identica l  t o th e 
result s withou t  friction .  Durin g non-stead y states ,  moto r  curren t 
shoul d b e increase d b y 

M 
R 0.0 2 

A1
K

 =  ~~ '  s i 8 n ^ V =  *  s l 8 n ( ( V =  °* 28 '  slg n (°v? 
C„  0.070 7 
M 

I n tes t  cas e D  (wit h externa l  load )  th e moto r  curren t  i s increase d b y 
MR + n ^  0.02+1 5 '0.2/9 6 

K C 

Ai  =  — - -  sig n (o )  =  sig n ( a )=0.725 .  sig n ( a 
Cxt 0.070 7 y 

M 

3.3.1. 2 Mode l  Generate d Dat a Bas e 

The integratio n ste p siz e use d wa s 1  ms .  Th e dat a i s recorde d i n 
for m o f  plot s i n a  forma t  simila r  t o th e on e obtaine d fro m a  multi -
channe l  recorder .  Th e firs t  lin e show s th e inpu t  variabl e a ,  th e 
followin g one s th e critica l  variable s define d i n Sectio n 10 ,  B-l . 

3.3.1.2. 1 Mode l  Behavio r  withou t  Mechanica l  Frictio n 

Test  A :  Operatio n i n nonlinea r  domain ,  Fi g B- 4 (A t  en d o f  CLIM B 
Leve l  2) . 

Test  B :  Operatio n a t  th e limit s o f  linearity ,  Fi g B-5 . 

Test  C :  Operatio n i n th e linea r  domain ,  Fi g B-6 . 

Test  D :  Nonlinea r  Operatio n wit h externa l  hing e moments .  Fi g B-7 . 

3.3.1.2. 2 Mode l  Behavio r  Includin g Mechanica l  Frictio n 

Test  A :  Operatio n i n th e nonlinea r  domain ,  includin g mechanica l 
friction ,  i.e. ,  J *  =  0.0 ? an d C, ,  =  0.02 ,  Fi g B-8 . 

3.3. 2 Sensitivit y wit h Fespec r  t o Implementatio n Parameter s 

Usin g Tes t  C  a s tes t  case ,  th e sensitivit y o f  mode l  respons e 
wit h respec t  t o integratio n ste p siz e DTRM ha s bee n investigated . 
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3.3.2. 1 Referenc e Dat a Bas e 

Test  C :  Operatio n i n th e linea r  domain ,  withou t  mechanica l 
friction ,  analytica l  solution ,  Fi g B-9 . 

3.3.2. 2 Mode l  Generate d Dat a Bas e 

Test  C :  Operatio n i n th e linea r  domain ,  withou t  mechanica l 
friction ,  result s o f  run s wit h DTRM =  0.000 5 s ,  0.00 1 s 
and 0.00 2 s ,  Fi g B-10 . 

Test  C :  A s above ,  bu t  wit h DTRM =  0.00 2 s ,  0.00 3 s  an d 0.00 4 s , 
Fi g B-ll . 

Usin g th e sam e tes t  case ,  th e model ,  includin g mechanica l  frictio n 
was exercised .  Fi g B-1 2 show s th e result s i n th e cas e o f  DTRM =  0.00 1 
s,  Fi g B-1 3 wit h DTRM =  0.00 2 s . 

3. 4 Result s fro m Mode l  Verificatio n Effort s 

3.4. 1 Dynami c Mode l  Behavio r  Test s 

Criterio n wa s reasonabl y coincidenc e betwee n th e tw o dat a base s 
fro m a n engineerin g expert' s  viewpoint .  Plo t  overlay s hav e bee n used , 
but  n o quantitativ e measure s fo r  goodnes s o f  fi t  wer e used .  I n 
addition ,  th e mode l  generate d dat a di d no t  expos e an y anomalie s o r 
unexplainabl e effects . 

The result s o f  th e compariso n ar e summarize d i n th e following : 

3.4.1. 1 Mode l  Behavio r  Withou t  Mechanica l  Frictio n 

Test  A :  Operatio n i n nonlinea r  domain ,  Fi g B-4 . 

The transitio n slop e o f  ,  a s retrieve d fro m th e plot , 
is : 

bxt =  0.52/0.17 2 =  3.0 2 rad/se c 
Mmax 

whic h matche s wel l  th e theoretica l  valu e o f  3. 0 rad/s . 
The stead y stat e valu e fo r  CL ,  i n th e plo t  i s  29 0 rad/s , 
as compare d wit h theoreticall y 28 8 rad/s .  Moto r  curren t 
i  behave s a s expected ,  i t  i s  proportiona l  t o c^. Th e 
magnitud e canno t  easil y b e verifie d a t  thi s stage . 

Test  B :  Operatio n a t  th e limit s o f  linearity ,  Fi g B-5 .  o  ̂ i s 
jus t  reachin g it s saturatio n value .  Mode l  performanc e 
does no t  sho w an y anomalie s o r  unexplainabl e effects . 

Test  C :  Operatio n i n th e linea r  domain ,  compariso n wit h 
analytica l  solutio n o f  Fi g B-9 . 

Model  behavior ,  Fi g B-6 ,  matche s ver y wel l  th e analytica l 
solution .  Th e mode l  show s a  little ,  unsignificantl y 
highe r  overshoot .  Moto r  curren t  canno t  b e compare d sinc e 
i t  ha s no t  bee n calculate d i n th e cas e o f  th e analytica l 
solution . 
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T e s t  V' Nonlinea r  operatio n wit h externa l  hing e moments ,  Fi g B-7 . 
The curve s ar e identica l  wit h thos e o f  Fi g B- 4 (Tes t  A ) 
wit h th e onl y differenc e tha t  i  show s a n offse t  o f 
2.2 5 A  i n orde r  t o compensat e fo r  th e externa l  hing e 
moment: 

m  ̂=  i M .  C M •  K G =  2.2 5 -0.070 7 •  9 6 =  15.2 7 N m 

as compare d wit h th e applie d valu e o f  15. 0 Nm. 

As long ,  a s th e moto r  curren t  i  ,  i s  no t  saturated , 
externa l  load s d o no t  hav e an y effec t  o n th e dynami c 
behavio r  o f  th e actuatio n system . 

3.4.1. 2 Mode l  Behavio r  Includin g Mechanica l  Frictio n 

Test  A :  Operatio n i n th e nonlinea r  domain ,  Fi g B-8 .  Moto r 
curren t  i s no w require d no t  jus t  durin g th e acceleration / 
deceleratio n phases ,  bu t  i n t o overcom e th e frictio n 
moment  M . 

K 

The curren t  durin g constan t  moto r  speed ,  i s 0. 3 A .  Thi s 
correspond s t o a  moto r  moment  o f 

m̂  =  C M .  i  =  0.070 7 •  0. 3 =  0.0212 1 N m 

whic h matche s ver v wel l  th e suppose d valu e o f  M =  0.020 . 
The transitio n slope ,  i s practicall y th e sam e a s i n th e 
cas e withou t  friction . 

However ,  whe n th e syste m i s approachin g a  stead y state , 
i.e. ,  a  =  0 ,  a  limi t  cycl e i s generated ,  havin g 
characteristic s tha t  ar e ver y sensitiv e t o th e particula r 
implementation .  I n th e presen t  cas e o f  a  digita l 
implementation ,  frequenc y an d amplitud e o f  th e limi t 
cycl e ar e highl y dependen t  o n th e particula r  integratio n 
ste p siz e chosen .  Thi s mean s tha t  th e propose d mode l  o f 
mechanica l  frictio n i s no t  reasonable . 

Sinc e th e influenc e o f  fiictio n o n th e dynami c behavio r 
of  th e actuato r  syste m i s negligible ,  i t  i s  recommende d 
tha t  th e mode l  b e operate d wit h M =  C  =  0 . 
When th e mode l  i s use d withi n a n a\itopilo t  loop ,  stead y 
state s wil l  practicall y neve r  b e reache d an d th e limi t 
cycl e wil l  probabl y neve r  b e excited .  Therefore ,  i f  on e 
wishe s t o deriv e a n estimat e o f  powe r  consumptio n o f  th e 
actuato r  system ,  th e mode l  coul d b e use d b y takin g 
frictio n int o account . 

3.4. 2 Sensitivit y wit h Respec t  t o Integratio n Ste p Siz e 

The criterio n wa s tha t  th e mode l  respons e shoul d b e reasonabl y 
insensitiv e wit h respec t  t o ste p size,DTRM ,  a s judge d b y a n exper t 
engineer . 
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Fi g B-1 0 show s tha t  ther e i s n o significan t  differenc e betwee n th e 
response s wit h DTRM =  0.000 5 s  an d DTRM =  0.00 1 s ,  wherea s a  clearl y 
visibl e divergenc e ca n b e state d fo r  DTRM =  0.00 2 s . 

Fi g B-l l  show s tha t  alread y DTRM =  0.00 3 s  cause s th e mode l  t o 
become unstable . 

Therefore ,  th e valu e DTRM =  0.00 1 s  appear s t o b e a  reasonabl e 
choice . 

Usin g th e sam e tes t  case ,  th e mode l  includin g mechanica l  frictio n 
was exercised .  Fi g B-1 2 show s th e limi t  cycl e i n th e cas e o f  DTRM = 
0.00 1 s .  Fi g B-1 3 show s th e result s obtaine d wit h DTPM =  0.00 ? s .  I t 
demonstrate s th e sensitivit y o f  th e characteristic s o f  th e limi t  cycl e 
wit h respec t  t o integratio n ste p size .  Thi s confirm s th e statemen t  mad e 
i n Paragrap h 2.3.2. 2 abou t  th e questionabl e applicabilit y  o f  th e mode l 
includin g mechanica l  frictio n terms . 

4.  VALIDATIO N OF SYSTEM MODFL' S STOCHASTIC COMPONENTS 

The presen t  mode l  wa s basicall y a  deterministi c natur e i n th e sens e 
tha t  i t  doe s no t  contai n an y interna l  source s o f  noise .  I n th e rea l 
system ,  mos t  o f  th e parameter s describin g th e mode l  ar e subjec t  t o 
rando m variation s becaus e o f  componen t  tolerance ,  re f  Ta b 4 .  Thi s coul d 
be take n int o accoun t  i n th e mode l  b y rando m variatio n o f  relevan t 
parameter s prio r  t o eac h mode l  run .  However ,  thi s featur e ha s no t  bee n 
implemente d i n th e presen t  model . 

5.  VALIDATIO N AGAINST OTHER EXISTIN G MODELS 

No Validatio n agains t  othe r  model s hav e bee n executed . 

6.  SUBSYSTEM CHARACTFRIZATION AND BRIE F DESCRIPTIO N OF SUBSYSTEM 
MODELS 

Not  applicable . 

7.  BENCHMARK TES T CASE 

7. 1 Descriptio n o f  Benchmar k Tes t  Case s 

The tes t  case s use d fo r  verificatio n o f  th e dynami c behavio r  o f  th e 
model  a s describe d i n Paragrap h 3.3.2. 1 shoul d b e use d a s benchmar k tes t 
cases . 

7.  2  Inpu t  Dat a 

Inpu t  i s a  rectangula r  variatio n o f  th e variabl e a  (SIC )  a s 
describe d i n Paragrap h 1.4.1 . 

7. 3 Outpu t  Dat a 

The outpu t  dat a i s recorde d i n Fig s B- 4 throug h B-8 ,  a s describe d 
i n Paragrap h 1.4.2 .  Fo r  th e benchmar k tests ,  th e dat a bas e describe d i n 
Paragrap h 1. 6 become s th e referenc e dat a base . 
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7. 4 Criteri a fo r  Acceptabilit y 

Same a s fo r  verificatio n tests ,  describe d i n Paragrap h 3 . 

8.  COMPUTER PROGRAM 

8. 1 Use r  Instruction s 

The mode l  i s implemente d a s a  singl e subroutin e calle d ELACT3.  It s 
callin g sequenc e ca n readil y b e inferre d fro m th e listin g i n th e 
appendix . 

CAUTION:  Th e content s o f  th e stat e variable s SI ,  DSI ,  I C mus t  no t  b e 
altere d betwee n calls ! 

For  initiatizatio n se e Paragrap h 2.2. 4 an d fo r  erro r  detectio n se e 
Paragrap h 2.2.5 . 

8. 2 Compute r  Listing s 

The complet e sourc e listin g i s no t  included . 

9.  PROGRAM VERIFICATIO N 

9.  1  Criteri a fo r  Verificatio n 

The followin g criteri a hav e bee n use d fo r  progra m verification : 

(a )  Correc t  implementatio n o f  th e mathematica l  mode l  o f 
Paragrap h 1.6 . 

(b )  Progra m cod e i n complianc e wit h Programmin g Standards . 

(c )  Portabilit y  o f  th e progra m code . 

9. 2 Method s use d fo r  Progra m Verificatio n 

The methodolog y use d fo r  mode l  verificatio n i s summarize d i n Ta b 8 . 
Progra m verificatio n ha s bee n performe d b y compute r  cod e analysis . 

Objectiv e wa s t o assur e tha t  th e mode l  ha s bee n correctl y 
translate d int o portabl e compute r  code . 

Thre e type s o f  analyse s hav e bee n performed : 

(a )  Sourc e Cod e Inspectio n 

(b )  Inspectio n o f  Cros s Referenc e Listin g 

(c )  Sourc e Cod e Compilatio n i n "ANSI-Mode. " 



Type o f  Verificatio n 
Test 

(a )  Sourc e Cod e In -
spectio n 

(b )  Inspectio n o f 
CRL 

(c )  Portabilit y 

Dat a 

Model  Generate d 
Dat a Bas e 

Computer  Listin g 

Computer  Listin g 

Computer  Sourc e 
Progra m 

Bases 

Referenc e 
Dat a Bas e 

Mathematica l  Model , 
Programmin g Stand -
ard s 

Programmin g Stand -
ard s 

ANSI-FORTRAN Stand -
ar d 

Verificatio n Tes t 

Metho d 

Visua l  Inspectio n 

Visua l  Inspectio n 

Compile r  Ru n 
(Automati c Diag -
nostics ) 

Criteri a 

Computer  Listin g i n Com-
plianc e wit h Mathematica l 
Model  an d Programmin g 
Standard s 

Result s 

o.k . 

Complianc e wit h Requirement s o.k . 
Lis t  Paragrap h 10 ,  B- 5 

Absenc e o f  Diagnosti c Mes -
sage s 

o.k . 

Tab 8 .  Methodolog y o f  Progra m Verificatio n 
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9. 3 Dat a Base s use d fo r  Progra m Verificatio n 

9.3. 1 Sourc e Cod e Inspectio n 

Model  Generate d Dat a Base :  Compute r  Listin g 

Referenc e Dat a Base :  Descriptio n o f  th e mathematica l  mode l  o f 
Paragrap h 1. 6 plu s Programmin g Standards ,  Paragrap h 10 ,  B-3 . 

9.3. 2 Inspectio n o f  Cros s Referenc e Listin g 

Model  Generate d Dat a Base :  Compute r  Listin g 

Referenc e Dat a Base :  Requirement s Lis t  o f  Paragrap h 10 ,  B-5 . 

9.3. 3 Sourc e Cod e Compilatio n i n "ANSI-Mode " 

Model  Generate d Dat a Base :  Diagnosti c message s b y compilatio n ru n 
i n "ANSI-mode" ,  Sectio n 10 ,  B-6 . 

Referenc e Dat a Base :  ANSI-FORTRAN Standar d a s implemente d i n th e 
compile r  o f  Sectio n 10 ,  B-6 . 

9. 4 Result s fro m Progra m Verificatio n Effort s 

9.4. 1 Sourc e Cod e Inspectio n 

Formal  sourc e cod e inspectio n wa s performe d b y th e Qualit y 
Assuranc e Dep t  o f  MBB-UA.  Criterio n require d th e complianc e o f  th e 
compute r  listin g wit h th e mathematica l  mode l  a s describe d i n Paragrap h 
1. 6 a s wel l  a s wit h th e Programmin g Standard s o f  Paragrap h 10 ,  B-3 . 
Thi s criterio n wa s fulfilled . 

9.4. 2 Inspectio n o f  th e Cros s Referenc e Listin g 

The cros s referenc e listing ,  a s generate d b y th e compiler ,  wa s 
inspecte d b y th e Oualit y Assuranc e Dep t  o f  MBB.  I t  fulfille d th e 
criterio n t o compl y wit h th e requirement s lis t  o f  Sectio n 10 ,  B-5 . 

9.4. 3 Sourc e Cod e Compilaliut i  i n "ANSI-Mode " 

Inspectio n o f  th e sourc e cod e b y th e Oualit y Assuranc e Dep t  o f  MBB 
has show n tha t  i t  i s  i n complianc e wit h Paragrap h 10 ,  B-4 .  Compilatio n 
of  th e progra m i n th e "ANSI"-mod e di d no t  resul t  i n an y statemen t 
flagge d a s "non-ANSI" . 

10.  APPLICABL E DOCUMENTS 

B- l  MODEL DOCUMENTATION,  ELACT3 
ELECTRICAL ACTUATION SYSTEM,  CLIM B 2  Leve l  1 
Apri l  198 4 
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B- 2 REPORT o n ACCEPTANCE TESTS o f  th e REAL ACTUATOR 

B- 3 Richtlinie n zu r  Programmerstellun g (Programmin g Standards ) 
Interna l  MBB-Pape r  (i n German ) 

B- 4 Sandr a Summers ,  Jea n Fo x 
Writin g Machin e Independen t  FORTRAN 
Softwar e Worl d Vo l  9 ,  N o 2 

B- 5 Checklis t  fo r  Inspectio n o f  Cros s Referenc e Listing ,  a s Generate d 
by CDC-FORTRAN-Compilers . 
Interna l  MBB-Pape r 

B- 6 CDC-FORTRAN-EXTENDED VERSION 4 
REFERENCE MANUAL 6099780 0 

B- 7 CDC-NOS VERSION 1 
REFERENCE MANUAL 6043540 0 

CLIMB LEVEL 3  EXAMPLE 

1. REAL WORLD SUBSYSTEM DATA 

1. 1 Ident i  ficatio n o f  Subsyste m 

Electrica l  actuato r  syste m t o driv e th e fin s o f  th e experimenta l 
EMS missil e system . 

1. 2 Lis t  of Variable s fo r  Whic h Measure d Dat a Exis t 

Symbol 

Model 

a 
c 

0 

* M 

Real  Syste m 

aRC 

aRM 

6TM 

XAM 

Variabl e 

commanded fi n deflectio n 

actua l  fi n deflectio n 

moto r  spee d 

actua l  moto r  curren t 
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1. 3 Dat a i n Har d Cop y For m 

Attache d t o th e en d o f  CLIM B Leve l  3  i n Fig s P-1 4 throug h B-16 . 

2.  EXPERIMENTAL TES T ENVIRONMENT 

2. 1 Scenari o Use d t o Excit e Subsyste m 

Laborator y benc h test s hav e bee n performe d wit h th e rea l  actuato r 
syste m b y applyin g ste p inputs .  Tes t  condition s A  throug h C  a s 
identifie d Paragrap h 8 ,  B-9 ,  hav e bee n used .  Sinc e n o devic e wa s 
availabl e whic h wa s capabl e t o appl y a  define d moment  o n th e hing e unde r 
dynami c conditions ,  Tes t  D  coul d no t  b e made . 

2. 2 Descriptio n o f  Tes t  Experimen t 

The tes t  experimen t  i s outline d i n Fi g B-17 .  Th e rea l  actuato r 
syste m consist s o f  tw o subassemblies : 

(a )  Th e actuato r  electronics ,  includin g th e actuato r  controlle r 
plu s th e powe r  amplifie r 

(b )  Th e mechanica l  parts :  DC-motor ,  gea r  an d sensor s 

Thre e powe r  supplie s wer e use d t o fee d th e actuato r  electronic s 

-  2  eac h Hewlet t  Packar d H P 6012A , 
providin g powe r  t o th e powe r  amplifier . 
Voltag e setting :  ±  5 6 V ,  precisio n ±  0. 5 V 
Curren t  limitatio n value :  1 0 A ,  precisio n ±  1. 0 A 

-  1  Dua l  Powe r  Suppl y Hewlet t  Packar d H P 622 7 B , 
providin g powe r  t o th e actuato r  controller . 
Voltag e setting :  ±  1 5 V ,  precisio n ±  0. 5 V 
Curren t  limitation :  0. 2 A ,  precisio n ±  5  mA 

The inpu t  ste p functio n t o th e actuato r  syste m wa s provide d b y a n 
EXACT Functio n Generator ,  Typ e 255 .  Th e contro l  settin g was : 

-  Output :  accordin g t o desire d squar e wav e amplitude ,  scal e 

facto r  28.6 5 V/ra d fo r  actuato r  inpu t 

-  Frequency :  4  H z 

-  Waveform :  rectangula r 

The variable s wer e recorde d o n a  Goul d Brus h 4  Channe l  Recorder , 
Type 2400 . 
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Scal e factor s an d setting s wer e a s follow s 

-  Pape r  speed :  25 0 mm/ s 

-  Recordings : 

Channel  N o Variabl e Scal e Facto r  Channe l  Settin g 
f.s .  - -  2 5 line s 

1 ovr 0. 5 V/de g -  28.6 5 V/ra d 9. 0 V  =  0.31 2 ra d 
RC 

2 a™ 0 .5 V/deg = 28.65 V/rad 9.0 V = 0.312 rad 
RM 

3 a ™ 11.9 4 mV/ra d s" 1 6. 0 V  =  50 0 rad/ s 
TM 

4 i AW 1  V/ A 6.2 5 V  =  6.2 5 A 
AM 

The point s wher e abov e variable s hav e bee n probe d ar e depicte d i n 
Fi g B-18 . 

The recordin g forma t  correspond s t o th e on e use d i n th e mode l 
generate d dat a bas e fo r  verification ,  se e Paragrap h 8 ,  B-9 ,  i n orde r  t o 
facilitat e comparison s b y plo t  overlays . 

3.  METHODS AND TECHNIQUES USED I N COLLECTING REAL WORLD DATA 

3. 1 Dat a Collectio n Method s 

Laborator y benc h tes t  wit h rea l  actuato r  system ,  ste p inpu t  applie d 
usin g a  squar e wav e generator .  Outpu t  recorde d b y a  Brus h 4-channe l 
recorder . 

3.  2  Erro r  Source s 

3.2. 1 Inpu t  Measurement s 

The apparen t  ris e tim e o n th e inpu t  ste p functio n i s a  functio n o f 
th e recorde r  (bandwidt h appro x 5 0 Hz )  an d no t  o f  th e generator .  Thi s 
has bee n verifie d b y usin g a n electroni c scope .  Th e accurac y o f  th e 
recording s i s 0. 7 percen t  o f  ful l  scale . 

3.2. 2 Outpu t  Measurement s 

The sam e condition s apply . 

3. 3 Input/Outpu t  Dat a Analysi s 
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3.3. 1 Inpu t  Dat a 

No analysi s performed . 

3.3. 2 Outpu t  Dat a 

No analysi s performed . 

3. 4 Contac t  fo r  Furthe r  Informatio n o n Measure d Dat a 

Person :  Rudol f  Mer z 
Address :  Messerschmitt-Bolkow-Bloh m GmbH 

Abteilun g AE13 2 
Postfac h 80114 9 
D-800 0 Munche n 8 0 
W-Germany 

Phone No. :  089-6000653 6 

4.  VALIDATIO N APPROACH 

4.  1  Criteri a fo r  Validatio n 

The mode l  response s t o variou s ste p input s shoul d matc h reasonabl y 
wel l  th e rea l  worl d dat a tha t  ha s bee n generate d unde r  th e sam e 
conditions .  Thi s i s t o b e judge d b y exper t  engineer s tha t  ar e 
experience d i n actuato r  desig n an d missil e syste m simulation .  N o 
quantitativ e measure s fo r  goodnes s o f  fi t  hav e bee n used . 

4. 2 Validatio n Method s Use d 

The metho d o f  compariso n o f  th e tw o dat a base s wa s plo t  overlay s 
and experts '  judgment . 

4. 3 Dat a Base s Use d fo r  Validatio n 

4.3. 1 Referenc e Dat a Bas e 

Referenc e dat a bas e i s th e rea l  worl d dat a a s show n i n Fig s B-1 4 
throug h B-16 .  Th e tes t  case s correspon d t o th e one s describe d i n 
Paragrap h 8 ,  B-9 . 

Test  A :  Operatio n i n th e nonlinea r  domain ,  Fi g B-14 . 

Rectangula r  inpu t  a =  ±  0.2 6 rad ,  n o externa l  load . 

The firs t  channe l  show s th e ste p input .  Th e deviatio n fro m a n 
idea l  ste p i s du e t o th e limite d bandwidt h o f  th e recorde r 
(Roughl y 5 0 Hz) . 

The secon d channe l  show s actua l  fi n deflection .  Th e slop e o f 
th e ram p i s 

°IM- =  0.52/0.16 8 =  3.09 5 rad/se c 
Mmax 
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The thir d channe l  record s th e outpu t  o f  th e tach o generato r 
whic h serve s a s th e senso r  fo r  moto r  speed .  Th e measure d 
valu e show s a  rippl e whic h i s du e t o th e coggin g effect s o f 
th e motor .  Th e frequenc y o f  th e rippl e is : 

10 periods/(2 1 mm:  20 0 mm/s )  =  9 5 Hz , 

Moto r  spee d (revolution s pe r  second )  is : 

3.09 5 •  9 6 =  297. 1 rad/ s =  47. 3 Hz , 

whic h matche s ideall y takin g int o accoun t  tha t  th e moto r  ha s 2 
pair s o f  poles . 

The fourt h channel ,  moto r  current ,  i s  showin g a  larg e rippl e 
whic h i s induce d b y moto r  effect s suc h a s cogging , 
commutation ,  etc. ,  a s explaine d above . 

Test  B :  Operatio n a t  th e limit s o f  linearity ,  Fi g B-15 . 

Rectangula r  inpu t  c  =  ±  0.0 7 rad ,  n o externa l  load . 

Test  C :  Operatio n i n th e linea r  domain ,  Fi g B-16 . 

Rectangula r  inpu t  o  =  ±  0.01 7 rad ,  n o externa l  load . 

4.3. 2 Mode l  Generate d Dat a Bas e 

The mode l  generate d dat a bas e use d fo r  validatio n i s documente d i n 
Paragrap h 8 ,  B-9 . 

4. 4 Validatio n Result s 

Test  A :  Operatio n i n th e linea r  domain . 
Model :  Se e B-9 ,  Paragrap h 8 . 
Real  System :  Fi g B-1 4 
The slop e o f  th e ram p b differ s b y 2.5% .  Th e rippl e o n 
to p o f  th e variabl e b  ̂ i n Fi g B-1 4 i s no t  presen t  i n th e cas e 
of  th e mode l  becaus e th e causin g moto r  effect s lik e 
commutation ,  cogging ,  etc .  ar e no t  represente d i n th e model . 

I n th e fourt h channel ,  moto r  curren t  show s th e greates t 
difference ,  whereas ,  th e dynami c behavio r  durin g th e 
acceleration/deceleratio n phase s matche s reasonabl y well .  a 
A larg e rippl e tha t  show s u p i s induce d b y moto r  effect s suc h 
as cogging ,  commutation ,  etc .  tha t  d o no t  exis t  i n th e cas e o f 
th e mode l  sinc e moto r  effect s ar e no t  included . 

Test  B :  Operatio n at th e limit s o f  linearit y 
Model :  Se e B-9 ,  Paragrap h 8 . 
Real  System :  Fi g B-1 5 
As fa r  a s o  an d o* w ar e concerned ,  th e mode l  i s showin g a 
somewhat  highe r  overshoot .  Th e correspondenc e o f  moto r 
current s i s no t  ver y goo d du e t o th e effect s discusse d above . 



88 

Test  C :  Operatio n i n th e linea r  domai n 
Model :  Se e B-9 ,  Paragrap h 8 . 
Real  System :  Fi g B-1 6 
Again ,  fo r  c  an d a M th e matc h i s ver y goo d wit h th e mode l 
showin g a  littl e highe r  overshoot . 

A summar y o f  validatio n result s ha s bee n give n i n Paragrap h 8  o f 
B-8 . 

4. 5 Mode l  Change s Du e t o Validatio n Effor t 

None. 

5.  COMPUTERIZED EXCITATIO N METHODS USED 

5. 1 Excitatio n o f  Rea l  Worl d Syste m 

The experimen t  use d i s describe d i n Paragrap h 2 .  N o compute r  wa s 
involved . 

5. 2 Excitatio n o f  th e Mode l 

The mode l  wa s execute d b y a  mai n progra m callin g subroutin e ELACT3. 
The differen t  tes t  case s A  throug h C  wer e implemente d b y subsequen t 
manual  changes . 

6.  USER INSTRUCTIONS FOR TES T SE T U P 

No specia l  explanation s necessary ,  obviou s fro m descriptio n o f  tes t 
set  up . 

7.  BENCHMARK FOR TES T SE T U P 

7. 1 Descriptio n o f  Benchmar k Tes t  Case s 

The tes t  case s use d fo r  th e validatio n experimen t  a s describe d i n 
Paragrap h 2. 1 an d 4.3. 1 shoul d b e use d a s benchmar k tes t  cases . 

7. 2 Initia l  Condition s fo r  Tes t  Se t  U p 

Ref  Paragrap h 6 .  Th e EXACT Functio n Generato r  i s se t  u p t o 
generat e squar e wave s wit h a  frequenc y o f  4  H z an d variou s amplitude s 
correspondin g t o th e tes t  case s A  throug h C .  Scal e facto r  i s 
28.6 5 V/rad . 

7. 3 Result s fo r  Critica l  Variable s 

Ref  Paragrap h 4.3. 1 an d Fig s B-1 4 throug h B-16 . 

7. 4 Criteri a fo r  Acceptabilit y  o f  Benchmar k Result s 

Reasonabl e correspondenc e wit h dat a Fig s B-1 4 throug h B-16 ,  judge d 
fro m a n engineer' s poin t  o f  view . 
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Metho d o f  comparison :  Plo t  overlays . 

8.  APPLICABL E DOCUMENTS 

B- 8 MODEL DOCUMENTATION,  ELACT3 ,  ELECTRICAL ACTUATION SYSTEM,  CLIM B 
Leve l  1 
Apri l  198 4 

B- 9 dto. ,  CLIM B Leve l  2 
Apri l  198 4 
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Printec in U.5.A. 

Fig B-14. Test A, Real System 
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Fi g B-15 .  Tes t  B ,  Rea l  Syste m 



102 

BRUSH ACCUCHAS7 

Fig B-16. Test C, Real System 
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APPENDIX C 

PROGRAM DEBUGGING I N ACSL 

One o f  th e mor e importan t  feature s o f  th e ACSL languag e i s th e 
availabilit y  o f  tool s tha t  assis t  i n pinpointin g errors .  Th e firs t 
thin g i s t o establis h a  fram e o f  min d tha t  believe s i n th e existenc e o f 
errors .  I t  i s  difficult ,  i n general ,  fo r  th e averag e use r  wh o write s a 
model  definitio n t o believ e tha t  ther e ar e an y errors .  Accep t  th e fac t 
tha t  al l  program s hav e a t  leas t  on e erro r  an d par t  o f  th e jo y o f  comin g 
up wit h a  finishe d produc t  wil l  b e i n findin g it . 

As th e progra m i s written ,  prepar e th e firs t  ru n fo r  debugging . 
Set  th e sto p conditio n (TERMT)  fo r  th e firs t  ru n t o a  smal l  valu e 
(typicall y on e communicatio n interva l  wil l  suffice )  s o tha t  n o tim e wil l 
be waste d calculatin g th e incorrec t  values .  Us e th e f D'  optio n i n th e 
translato r  s o tha t  th e progra m wil l  procee d t o uncove r  a s man y error s a s 
possible . 

The firs t  ru n throug h th e translato r  wil l  produc e synta x erro r 
indication s an d probabl y erro r  message s a s well .  Th e translato r 
analyze s eac h statemen t  i n tur n an d i f  a n erro r  occur s i t  wil l  b e 
indicated .  Th e wa y th e erro r  i s indicate d i s t o writ e ou t  agai n th e 
statemen t  i n error ,  includin g an y continuations ,  wit h a  lin e o f 
asterisk s (* )  underneat h t o indicat e th e acceptabl e section .  Th e 
asteris k shoul d sto p jus t  belo w wher e th e erro r  i s located . 

Example : 

X =  Y  +  (SIN(Y.Y) ) 

***SYNTA X ERR0R***TH E LIN E I S LISTE D WIT H A  POINTE R T O TH E ERROR 

X =  Y  +  (SIN(Y.Y) ) 

************* * 

whic h show s tha t  th e perio d (. )  separatin g th e tw o Y' s i s no t  allowed . 
I t  shoul d b e a n asteris k (* )  t o indicat e "multiply" .  Tw o point s shoul d 
be note d whe n thes e error s ar e indicated .  Th e firs t  i s  tha t  onl y th e 
firs t  erro r  i n th e statemen t  wil l  b e indicated .  I f  thi s erro r  i s 
corrected ,  i t  may nee d a  secon d (o r  third )  ru n t o uncove r  othe r  problem s 
furthe r  int o th e statement .  When yo u mak e a  correction ,  tak e a  lon g 
har d loo k a t  th e res t  o f  th e statement .  Th e secon d i s tha t  lin e liste d 
may no t  loo k lik e th e inpu t  tex t  i f  continuatio n card s ar e used .  Th e 
erro r  listin g give s th e complet e strin g t o b e analyze d afte r  th e 
trailin g blank s hav e bee n squeeze d fro m th e en d o f  an y continue d cards . 

Next ,  chec k fo r  misspellin g -  variable s tha t  shoul d hav e bee n th e 
same ge t  keypunche d wrongl y o r  name s tha t  shoul d hav e bee n changed , 
overlooked .  T o chec k these ,  loo k a t  th e symbo l  cross-referenc e table s 
liste d a t  th e en d o f  th e translato r  output .  An y variable s liste d unde r 
VARIABLES NOT SPECIFIE D I N ANY BLOCK'  wil l  b e misspellings ,  constant s 
you forgo t  t o specify ,  o r  correc t  variable s tha t  ha d thei r  nam e 
misspelle d a t  th e statemen t  definin g them .  The y shoul d hav e bee n 
defined . 
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Next ,  tak e not e o f  an y unsatisfie d externa l  reference s fro m th e 
loa d map .  Thes e wil l  usuall y correspon d t o array s yo u forgo t  t o declar e 
i n a n ARRAY statement .  Withou t  this ,  the y loo k jus t  lik e functions . 

The firs t  run-tim e command shoul d se t  u p a  debu g actio n wit h 
usuall y th e firs t  fiv e o r  te n derivativ e evaluation s sufficing .  Includ e 
th e followin g car d a t  run-time : 

SET NDBUG =  1 0 

Alternatively ,  a n actio n ca n b e schedule d tha t  wil l  ensur e a  debu g 
printou t  afte r  ever y START unti l  CLEARed: 

ACTION f VAR? =  0.0 ,  'VAL 1 =  10 ,  'LOC 1 =  NDBUG 

NOTE:  Whil e th e syste m variabl e NDBUG i s greate r  tha n zero ,  th e 
complet e se t  o f  use r  variable s i s printe d ou t  an d th e th e valu e o f  NDBUG 
i s reduce d b y one . 

Thi s outpu t  i s probabl y th e mos t  importan t  dat a t o hel p i n 
debugging ;  th e previou s se t  o f  tool s wa s merel y t o ensur e tha t  th e 
mechanic s wer e correc t  -  commas i n th e righ t  place ,  spelling s 
consistent ,  etc .  Thi s debu g outpu t  give s th e actua l  number s calculate d 
fo r  ever y on e o f  th e stat e derivative s an d intermediat e variables .  Th e 
number s shoul d b e examine d carefull y an d checke d fo r  reasonablenes s 
usin g knowledg e o f  th e syste m bein g modelled .  I t  i s  a  goo d ide a t o 
star t  wit h initia l  condition s nonzero .  I f  ther e ar e to o man y zer o 
values ,  th e arithmeti c calculation s ca n concea l  errors .  Fo r  preference , 
pic k condition s s o th e derivative s al l  hav e a  nonzer o valu e whic h ca n b e 
checked .  Chec k th e value s tha t  ar e liste d fo r  th e constants .  An y tha t 
hav e bee n prese t  i n a  CONSTANT statemen t  an d wher e th e decima l  poin t  ha s 
been lef t  of f  wil l  b e liste d a s havin g a  valu e o f  0.0 .  Thi s proble m i s 
a ver y common error .  Some array s may b e missin g fro m thi s printou t  i f 
the y happe n t o b e longe r  tha n th e intege r  containe d i n th e syste m 
variabl e MALPR1I  (Maximu m Arra y Limi t  fo r  Prin t  Out) .  Se e syste m 
variabl e summar y fo r  th e defaul t  value . 

Now tr y th e firs t  ful l  run .  Pla n wha t  significan t  outpu t  variable s 
wil l  yiel d correc t  mode l  operation .  Specif y thes e i n a n OUTPUT command, 
increas e th e terminatio n tim e an d START. 

I t  i s  a t  thi s poin t  tha t  th e modeler' s skil l  come s i n t o 
rationaliz e th e behavio r  o f  th e simulatio n i n term s o f  ho w th e rea l  wor d 
syste m i s expecte d t o behave .  Abou t  th e onl y hel p tha t  ca n b e offere d 
i s tha t  onc e questionabl e area s hav e bee n uncovered ,  schedul e debu g 
printout s t o cove r  th e are a o f  interes t  s o tha t  a s muc h informatio n i s 
recorde d a s possible .  Not e tha t  th e debu g outpu t  occur s afte r  ever y 
derivativ e evaluation .  Fo r  Runge-Kutt a fourt h orde r  integration ,  fou r 
derivativ e evaluation s ar e mad e fo r  a  tim e ste p (calculatio n interval) : 
one a t  th e beginning ,  tw o i n th e middle ,  an d on e a t  th e end .  Th e 
independen t  variabl e wil l  appea r  t o advanc e i n half-step s wit h tw o 
derivativ e evaluation s takin g plac e eac h step .  A n extr a evaluatio n wil l 
tak e plac e prio r  t o eac h communicatio n interva l  o r  tri p throug h th e 
DYNAMIC section . 
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MEANING OF DEBUG PRIN T OUT 

The debu g outpu t  i s generate d b y goin g throug h th e use r  dictionary , 
whic h point s t o al l  variable s i n th e use r  common block ,  an d listin g th e 
value s o f  eac h on e b y one .  Th e firs t  fiftee n variable s ar e ACSL contro l 
variable s tha t  ar e define d a s follows : 

(a )  T  -  Real ;  Independen t  variable .  May hav e bee n rename d i n a 
VARIABLE statemen t 

(b )  ZZTIC G -  Real ;  Initia l  conditio n o n th e independen t  variabl e 

(c )  CIN T -  Real ;  Curren t  communicatio n interval .  May hav e bee n 
rename d b y CINTERVAL 

(d )  ZZIFR R -  Logical ;  Variabl e ste p erro r  flag .  May hav e bee n 
rename d b y ERRTAG 

(e )  ZZNBLK -  Integer ;  Number  o f  DERIVATIV E an d DISCRETE block s i n 
use 

(f )  ZZ I  -  Integer ;  Distinguishe s pre-initia l  (=0) ,  START (=1 )  an d 
CONTIN (=2 ) 

(g )  ZZS T -  Logical ;  Sto p fla g se t  b y TERMT operato r 

(h )  ZZFRFL -  Logical ,  Firs t  fla g se t  tru e a t  firs t  derivativ e 
evaluatio n o f  ever y ste p 

(i )  ZZICF L -  Logical ;  Initia l  conditio n fla g se t  tru e a t  firs t 
derivativ e evaluatio n o f  ever y ru n -  immediatel y afte r  initia l 
condition s hav e bee n transferre d t o state s 

(j )  ZZRNFL -  Logical ;  Reinitializ e fla g se t  tru e b y REINIT .  Use d 
durin g initializatio n (ZZICF L =  .TRUE. )  an d the n turne d fals e 

(k )  ZZN S -  Intege r  arra y o f  lengt h numbe r  o f  DERIVATIV E block s 
givin g numbe r  o f  stat e variable s i n eac h bloc k 

(1 )  MIN T -  Rea l  arra y o f  lengt h numbe r  o f  DERIVATIV E block s givin g 
minimu m integratio n ste p siz e fo r  eac h block .  Name may b e 
change d b y globa l  MINTERVAL statemen t 

(m)  MAXT -  Rea l  arra y o f  lengt h numbe r  o f  DERIVATIV E block s givin g 
maximum integratio n ste p siz e fo r  eac h block .  Name may b e 
change d b y globa l  MAXTERVAL statemen t 

(n )  NSTP -  Intege r  arra y o f  lengt h numbe r  o f  DERIVATIV E block s 
givin g communicatio n interva l  diviso r  fo r  eac h block .  Name 
may b e change d b y globa l  NSTEPS statemen t 

(o )  IAL G -  Intege r  arra y o f  lengt h numbe r  o f  DERIVATIV E block s 
givin g integratio n algorith m numbe r  t o b e use d fo r  eac h block . 
Name may b e change d b y globa l  ALGORITHM statemen t 
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Next ,  i n th e debu g printou t  come s th e lis t  o f  stat e variable s i n 
DERIVATIVE bloc k orde r  an d i n alphabetica l  orde r  withi n eac h block ,  wit h 
thei r  correspondin g derivative s an d initia l  condition s o n th e sam e line . 
I f  lin e widt h (se e TCWPRN an d HVDPRN)  i s sufficien t  (126 )  th e corre -
spondin g value s o f  absolut e erro r  (XERR )  an d relativ e erro r  (MERR)  ar e 
als o liste d o n th e sam e line .  I n general ,  th e derivative s wil l  al l  b e 
dummy variable s (ZOnnn n form )  excep t  fo r  thos e define d b y th e INTV C 
integratio n operator . 

Al l  th e algebrai c variable s follo w th e state s i n alphabetica l 
order .  An y EOUIVALENCED variable s ar e liste d a t  th e end .  Syste m 
variabl e ZZSEED contain s th e rando m numbe r  see d variabl e whic h wil l 
chang e (depend s o n machin e type )  wit h ever y cal l  fo r  a  ne w rando m 
number .  ZZTLX P i s a  logica l  variabl e presen t  i n som e machin e version s 
t o reques t  th e reprieve/interrup t  capability .  I f  i t  i s  se t  fals e befor e 
th e firs t  START,  norma l  syste m dump s ca n b e obtaine d i f  desired . 

DEBUG 

A cal l  t o thi s routin e wil l  produc e a  debu g lis t  o f  al l  variables , 
excludin g array s greate r  tha n MALPRN (Maximu m Arra y Limi t  fo r  Print )  o n 
bot h PRN an d DI S units .  Th e techniqu e o f  settin g NDBUG t o a  positiv e 
integer ;  yield s a  debu g lis t  a t  th e en d o f  ever y derivativ e evaluation . 
Whil e usefu l  a s a  checkou t  too l  wit h larg e programs ,  thi s actio n ca n 
produc e a n overwhelmin g amoun t  o f  output .  Selectiv e outpu t  ca n no w b e 
obtaine d by : 

I F (logica l  condition )  CAL L DEBUG 

include d i n th e DERIVATIV E section .  Includin g th e statemen t 

CALL DEBUG 

i n th e DYNAMIC sectio n produce s th e entir e lis t  a t  eac h communicatio n 
interva l  an d i s synonymou s wit h askin g fo r  th e OUTPUT o f  al l  variables . 

T n n l i i f l - i r\<> 

I F (DUMP)  CALL DEBUG 

i n th e TERMINAL sectio n i s a  usefu l  artific e sinc e al l  fina l  value s ar e 
displaye d a s wel l  a s th e initia l  condition s fo r  tha t  run . 
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