
A0 A056 517 AIR FORCE INST OF TECH WRIGHT—PATTERSON AFS 0*410 SCH—ETC F/S 1/3
SOFTWAR E STRUCTURE DESIGN TECHNIQUES APftIED TO EMBEDC€D CO*UT—ETC(U)
DEC 77 R.I DE SANTO

UNCLASS IFIED AFIT/GE/EE/77 lk NL.

1

p _ _ _ _



_ _ _ _ _ _  

~~ 

~~~~~ 

~~~

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ . : ‘~~~~ . ~

~ — ~~~~~~~~~~~~ ~~~~ *~~ V V

_ __ _ _  
V 

~M t V

_______ 

V ~~~~ 
V

_____ ~~ ~~~~~~~ AI ~~~~~~~~~~~~~~~ , ~~~~~~~~
. S

_ _ _ _ _ _ _ _ _  S - - -

_ _  
A I R U M~ERSflV

~~~~~~ UNI TED ~TATI~~4~ ~QRC E P

______  ~~~~~

-
~~~~~ 

.

. ___I 
______________ 

-
. 

V

~~~~ _ _ _ _ _ _ _ _ _  -S

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V

- 
-

~~~~
iV • S 5 V V

~~~ 1 1 5 ~~i

~~~ I I ~~~~I I
IVI 

_ _ _

I
• 

V 4 ~~~~ ~- ~V _ _ _ _ _  
-

V 
• V -: V V 

20 1_911

~~ 

I 
_ _ _  

_ _ _ _

SUIOOL OF EN61NEER 1NG(~~~ ~
• V 

•~~V 

~~~~~~~~~~~~

- W*IWff~PA11IIION AIR VOICI SAM. 0110

~~~~7i~O.7 011 H
V 

• V 5 V~~ 

V 
~~ ~~~~~~~~~~~~~

“V •V •S~~~ - ~ ~~~1• ’ V .  ~~~~~~~~~ ~~~~~~~~~~ - 
V 

•~~~~~• ~~~~~~~~~~~~~~~~



— 
— —

~ 
-

~ 
________ - ——-V ..- -. - _ _ _ _ _  — -~ 

.
~~~~~~~

— V- -- — 
~~~~~~r 

~~~~AFIT/GE/~~~~~ 7 14  :~: I

C-
CD

U

SOFTWARE STRUCTURE DESIGN
~~~ TECHNIQUES APPLIED TO EMBEDDED

COMPUTER SYSTEM SOFTWARE ,
—~~~

- -

THESIS

/ ‘/ AFIT/ GE/EE/77 .  14 ‘Rober t  J Santo• Captain USAF 

!( 
~~ .~~1 .

Approved for public release; distribution unlimited.

I

~ 7 ~ 0
. ..~ 

.- - . .~ — - 
~~ ~~—

- ~~~~~~~~~~ - -- -~ ~~~~~~~~~~~~~



‘1

AFIT/GE/EE/ 77- 14

• 

- 
SOFTWARE STRUCTURE DESiGN TECHNIQUES

APPLIED TO EMBEDDED COMPUTER

SYSTEM SOFTWARE

THESIS

Presented to the Faculty of the School of Engineering

J. of the Air Force Ins titute of Technology

Air University

in Partial Fulfillment of the

Requirements for  the Degree of

Master of Science

by

R o b e rtj .  De Santo, B.S.E.

• Captain USAF

Graduate Electrical Engineering

December 1977

Approved for public release; distribution unlimited.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _



— 

~~~~~~~ 

_ _  
_ _ _ _ _  _ _

Prefac e

This report  summarizes  an invest igat ion which  examined the

structured design methodology app lied to an operational flig ht pro-

gram (OFP). Several design techniques a re  successfu l ly app lied to

a particular OFP . Hypothetical  sof tware modifications i l lus t ra te  the

advantages of s truc tured design OFP so f tware  over a c u r r e n t  sof tware

implementation. Software l ife-cycle effects  of s t ruc tu red  designed

OFF s are br ief l y described. An OFP famil iar izat ion and design

methodology is developed for avionic s sof tware  e n g i n e e r s/ c o n t r a c t

monitors. The report  is wr i t ten  for  a reader who possesses a basic

knowledge of sof tware development and who unders tands the struc-

tured design methodology.

I wish to express my special thanks to Captain James B.

Peterson for  his advic e and l eade r sh ip  as my thesis advisor .  A

special thanks also goes to my thesis  sponsor , Mr.  Ajmel Dulai , for

his patience and vas t  knowled ge of avionics concepts.  I •~Iso wish to

express my appreciation to Dr.  Gary Lamont and P ro fe s so r  Charles

Richard for their advic e and support , and to Mrs.  Joyc e Clark  for

the excellent job typing the final  version of this thesis .  Finall~~, I

wish to thank my wife , Pat , and our children for  their pat ience , under-

standing and love throug hout this thesis en deavor .
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Abstract

Constantine’s structured design methodology is applied to a

real - time (fl ig ht ) sof tware  p rogram.  A modified f i n i t e - s t a t e  tech-

nique is successfu ll y app lied to an opera t ional  fl ig ht p r o g r a m  (OFF )

mainloop. Transform and t ransac t ion  anal ys is  a r e  success fu l l y

applied to mainloop tasks . Each technique is demonst ra ted  to show

avionics so f tware  eng i n e e r s / c o n t r a ct  monitors  “how to get s ta r ted”  on

a design. Two hypothet ical  so f tware  modificat ions i l lus t ra te  advan-

tages of s t ruc tured  design over the c u r r e n t  so f tware  implementation.

Short and long te rm ef fec ts  of s t r uc tu r ed  designed OFP s are  brief l y

described. An OFF fami l ia r iza t ion  and desi gn methodology is

developed for  avionics sof tware  engineers  / c o n t r a c t  moni tors .

Struc tured design techniques a r e  benef ic ia l  to the sof tware

eng inee r / con t r ac t  monito r dur ing initial  unders tanding  of OFF des ign

requirements f rom a d r a f t  Par t  I specification. Desi gn al ternat ives

may be considered and the sof tware  p roduce r s  in terpre ta tion  of

design requirements may be veri fi ed .  This e f fo r t  was sponsored by

the Aeronautical  Systems Division 1ASD/ENALA ) located at W r i g ht-

Pat terson Air Force Base , Ohio.
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SO F T W A R I  STRI  C T U R F  DFS1CN ‘FEd 1N1QUES
:\I’P I I E I ’  I L ’ 1 .\ t  h L’l)L) E L) CC?’~t l’U TER

S ISl E M  SOF T W A R E

1. I n t r o d u c t i o n

Backgroun d

. e n e r a i .  In re~~ent  y e ar s , sop h i s t i c a te d  and e x p e n siv e  A i r

For c e  Com p u t e  r p r o g r am s  sol twa re l  used in av i o n i c s  s vs tems have

bee n r e l a t i v e ly  inflexible , di f f icu l t  to re pa i r , and h a v e  required

ex t e n si v e  updat e s  to keep pace  w i t h  s t a t e — o f — t h e — a r t  i m p r ov e m e n t s  in

co mpute r  t echn o l ogy  and c h a n g i n g  o p e ra t i o n a l  r e q u i r e m e n t s .  Nor-

mal ly  , in a s o i t w a r t ’ deve l opmen t  p r o g r a m , deadl i nes  and cos t  a r e

the m aj o r  concerns . :\ s a res u l t , the  i m por t a n c e  of the’ design phase

is g r e a t l y  d c - e m phas ized .  There  is a g r e a t  t e n d e n cy  to st a r t  coding

s o f t~~a rt ’ at  t h e  beg inn ing  of th~ p r o i c c t .  Since the  des ign  phase is ,

in many c a s t ’s , ‘ cu t  sh o r t , ‘ e r ror s  result w h i c h  remain  unnotic ed

un t i l  .r ’~t er  sy s t em imp l e m e nt at i o n .  in addi t ion , t h e r e  is u sua l l y little

c o n c e r n  at ’out  f u t u r e  repai r  and upd a t e  ~ n a int ena n cei  r equi r ement s ,

and t he e f f i c i e n c y and ease w i t h  w h i c h  tha t  softw a rt ’ main tenance  can

be perf ormed.

Desi~ n :\ p pr o a c h e s.  Some avionic s software designs h av &~ been

ac c om p lis h ed w i t h  a ‘ bo t tom-up ’’ approach  by deve lop ing  so f tware

before addressing functional interface and integrati on problems.

4 Recently, mo r e success f ul desi gns have  been accomp lished with a

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



“top-down ” approach in which the “top ” is assumed to be a f i rm ,

fixed requirements  specification and hardware archi tecture .  It had

been assumed that the data struc ture was alread y established. In

some cases, these types of assumptions change, and the designer

must then back- t rack to update his design.

More recently, a sof tware  design methodology called

“structured design ” has received muc h attention. This methodology,

which produces a modularized software design , allows easier system

implementation and maintenance than previous approaches permitted.

Cost effectiveness is usually improved with the use of this design

method , and program complexity is reduced (Ref 40) . There has

been an attempt to apply this design methodology to a real-time

system (Ref 20). At  the time of this writing, the author is unaware of

any efforts to apply this methodology to operational flight software.

Typical Scft ’ware Problems. Avionic s software, like automatic

data processing (ADP) software, is not without its share or problems.

in fact  the typical problems associated with both types of software are

very much alike. In the avionics sof tware , there are simila r indica-

tions of high project  costs and low or poor sof tware reliability (Ref

10:477 , 479; and 36:228). However , there are  other problems with j
avionic sof tware which need to be discussed.

Recently, it has been suggested that avionic s sof tware  is being

used like a “band-aid. ” That is , the lack of ear l y specified , firm,

explicit requirements contributes to the idea that avionics software2



c a n  he used t o t i x ’’ a l l  t h e  n r a  r gj n i r l  )i~t ~ t iW t m e pe r io  r n n a n c  e ~Kcl  10:

477 1. in g e n e ra l  , engin i ’e r ing  nra  ii a e r r  r e n t  s ia~~u id  he pe r i o  r nacd on

a v ion i c s  sot  tw .1 re to th e  levi ’ I no r ina  l i v  e xpec fe d  on any  h.i rdwa me

p r oj e ct  ~K e f  10:478) .

‘I’he tine ertaira tv of s o ft a a .r i c  m odu le  i n t e r f a c e s  in a l a r g e  pro —

gr am  c a u s e s  c o ns i d e r ab l e  . r n x i v t y  b r  m a n a g e r s .  I’ r oblenas  ir e  —

~ ueut  lv  oc c um’ h e re  • and ii rodul  c des i gn or  d ch ug g ing n r a  a r e q u i r e

se v e ra l i t e r a t ion s . 1)csi g miing a set  of ‘‘ t r a i l e s l o n e s  ‘‘ m r i a v  hel p mont —

t om pro ie c t  s t a t u s , hut  it  ;rppea ms to he ben et i c  r a l  i i  a h i e m ’a  r c hic a l

s t r u e  tu  me c Ira ml  of t h e  n r o d u l  es is c otis t r u e  ted  as ea rh  as  p osSible .

Modu le  i n t er ’  f a c e s  shou ld  a l so  be i,l d ined . ‘t h i s  a pp r’oa e h hel ps in

e va l u a t i n g  de s i gn  a l t e r n a t i v e s  , Re t  10:478).

No r u r a l l y  , most av i o n i c s  sot  taa .r m e  l a ck s  t h e  i t  ( ‘X ib~l it \ ’  ot being

ren sea hi c’ . Sot 1w .r re  p roe u r ~‘mne n t  t o t  .r a’ i on i c  s us ua II  a r e su l t s  iii new

so f t war e  for  eac Ii neaa ’ f l i g h t c o m a r pu t em ’ . ‘liii s red eve lop r r w nt  pr oc C —

d u re  is ext  r e m n e t y  c o s t l y .  M o st  s oft w a  me can  t ro t  he r e a d i ly  changed

to nrre (’t the cv crc h ang tu g t hr r ca  t cma~’ j r on ;r a e n t .  it is nu t r i a  in t a  m a  ble by

F t h e  g o v er n n w n t  , arid tli tt i ( nit to m a i n ta i n  ev en by t i r e  o r i g ina l v~~udor

~ Rt ’ f ~t’: ~ 2 8— 2 .~’~).

!1~?!PO$C

t h e p u r pos e  ~~1 I Iris repor t  is to pr esent  t lrc ’ r e s u l t s  of an i nv e s t i —

g a I l y  e ci t o r t  It ’ .‘ pp l v t in ’ st m u i tur ’ed  de s ign  r r n c ’t h n o d o l o g a  to p ar t  of an

~pe r a t i on a l  f t  i g l r t  prog r a m a n .  Compute r  s ot ’twa  i•v dcv e loped to t ’  a a ionic s
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1

sof tware  s y s t e m s  b y this  des ign  method should be e asier  to inip le-

nient and unders tand .  Comp lex i ty  should be reduced , a nd the sof t -

w a r e  should be less d i f f i c u l t  to main ta in  and mo re  ~ ost— effective wi th

respect  to l i f e - cyc l e  cos t s . A genera l ized  a p p r o a c h  or methodology

for  the des ign  of a v i o n i cs  op e r a t i o n a l  f l i gh t  s o f t w a r e  w i l l  be devel-

oped. It will  include the use of s t ruc tured  des ign.  The objec t ive  of

the methodology wi l l  be to prov ide A i r  F o r c e  av ion ics  so f tware

eng i n e e r s / c o n t r a c t  moni tors  w i t h  an addi t iona l  method to unders tand

the requ i rements  definition for preliminary design and management

of operat ional  fl ig ht sof tware .

Scope

In order  to more r ea l i s t i ca lly  i nvest iga t e  structured design

applied to avionics opera t ional  fl i ght s o ft w a r e , i t would be hel pful  to

inves t iga te  a real  sys tem.  The PA V E TACK opera t iona l  f l i ght soft-

w a r e  (see Chapter 111) d r a f t  P a r t  I specific a t ion  w i l l  be used. Due to

the complexi ty  of the }‘AVE TACK r e q u i r em en t s  and th e  length  of

time pe rmitt ed f o r  this stud y ,  the s t r u c t u r e d  design me thodo logy  will

not app l y to the ent i re  I~,AVE TACK f l ig ht p r og r a m  sof tware .

Since s t ruc tu red  design is we l l  documented 1Re f  34; 40),  this

s tud y wi l l  be limited by pu rpo se fu l l y  ha l t ing  the  desi gn process  at

c e r t a i n  points wi th  the specif ic  purpose  of showing  the sof tware

engineer  “how to get s t a r t e d ”  on a des ign .  This approach allows

severa l  design techn iques to be used. These t echn iques  a r e  known

I
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1

and well  documented.  T h e r e f o r e , the techn iques w i l l  be demon-

st ra ted , not taug ht.

The d r a f t  and final P AV E  TACK p re l im ina ry  des ign IP a r t  I )

speci f ica t ions  will  be used.  No at tempt wil l  be made to modif y e i ther

specification or produce any p rogram code. Tes t ing  of any

redesigned sof tware  and access to the PAVE TACK computer  ha rd-

ware  will not be required .

Pre l imina ry  Rationale

It was  desirable to have a clear and concise operational flig ht

program (OFP) design (Par t  I) spec i f ica t ion  at the s t a r t  of this invest-

igative effort .  The purpose of this specif icat ion is to supp ly the

designer  with  a comprehens ive  and unambiguous sof tware  require-

ments def ini t ion for  the OFP . Thus , all appropr ia te  and necessary

information would be available to the sof tware designer .

It was anticipated that a reasonable lea rn ing  c u r v e  would be

experienced during the initial phases of the design invest igat ion.

There was previous personal experience with defining an d des igning

f rom wr i t t en  software requirements, but no experience with avionics

sof tware  and no prior  knowled ge of OFP concepts . In addit ion , there

was no previous personal  experience with AFSC P a r t  1 speci f ica t ions

per se.

Finall y, it was  not known whether  or not s t ruc tured  design could

be applied to an OFP or any par t  of an OFP. If s t ruc tu red  design

I
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techn iques could be used , then anothe r aid wou ld  e x i s t  w h i c h  would

a llow avionics  soft a ~’a r e cligiflee rs / c o n tr a c t  t n i on i t o  rs to  cope w i t h  the

problems of i n t e r p r e t i n g  O1”}’ s t ’ i tw a  re desi gn sp e c i f i c a t i o n s .  In

addition , it would aid in mak ing  b e t t e r  d e c i s io n s  and s u g g est  ions a bout

desi gn a l t e rna t ives .

Assumpt ions

The reader  should be f a m i l i a r  w i t h  the basic concepts  of an

OFF . H o w e v e r , if this is not  the case , A ppendix A br i efl y d i scu s s es

bas ic concepts.  This br ief  d i scuss ion  on f l i g ht so f t w a r e  concepts

(A ppendix A )  was included since nn a n y  peop le a re  i n t e re s t e d  in so ft-

wa re  desig n , bu t av ion ics  f l igh t  s o f t w ar e  is qu i t e  d i f f e r e n t  f r o m  nor-

mal data p rocessing  so itware  app l i ca t ions . It is a s sumed  that  tire

r eader  unders tands  the s t r u c t u r e d  des ign  me thodo logy , its technique~

and its pr incip les.

Finall y,  any s t a t emen t s  made by the au tho r conce rn ing  f l ig ht

sof tw a r e , PAVE TACK , s t r u c t u r e d  design , A i r  F o rc e  spec i f ica t ions ,

or an y thing associa ted wi th  this r e s e a r c h  e f f o r t  is s t r i c t l y the au thor ’ s

in te rpre ta t ion  of that  informat ion and b e ar s  no o f f i c i a l  jud gment on

behalf  of the A i r  F o r c e .  The au t h o r  bea rs  sole  r e spon s ib i l i t y  for  this

r e s e a r c h  and repor t  e f for t .

Development Plan

Chapter  Li br i ef l y d i s cu s s es  sonic problems assoc ia t ed  w i t h  Air

Forc e so f tware  development , concepts  of a s o f t w a r e  a r c h i t e c t u r e  for

6
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1

flight prog ram managers, and presents a description of the struc-

tured design methodology.

Chapter  UI presents  a brief descr iption of tin e PAVE TACK

opera t ional  fli ght program.

Chapter IV discusses the initial approach taken for this investi-

gation , di f f icul t ies  encountered , and how tine approach was revised

and app lied to achieve meaningful results.

Chapte r V present s  a discussion on the effects  of two h ypothet-

ical software modif ica t ions  to certain parts of the des igns  f r o m

Chapter IV and the cu r r en t  PAVE TACK sof tware .  Short and long

term effects  associated with OFP’ s designed using s t ruc tured  design

techniques a re  also discussed.

Chapter VI presents  an OFP design methodology developed for

avionic s so f tware  engineers  and cont rac t  monitors . It is a general-

ized des ign approach which consists  of three phases:  ( 1 )  understand-

ing the flig ht p rogram requirements ; (2)  use of a technique for  under-

standing flig ht p rogram tasks  and task sequenc ing; and (3)  use of

s truc tured design techniques for  task design.

Finally,  Chapter VII presents  resul ts  and conclusions of this

investigation.  Some recommendations are  also made for future

efforts.,

1

7



11. iowa  rd the  St r u c t u r i n g  of Compute  r S o f t w a r e

Introduction

This c h a p t e r  b r i e f l y  d i s c u s s e s  c e r t a i n  p r ob lems  assoc iated w i t h

A i r  Force  s o f t w a r e  development .  Some concep t s  f o r  f l i g h t  p r og r am

m a n a g e r s  abou t  so f t w a r e  a r c h i t e c t u r e  a r c  a l so  pres ented. F i n a l l y ,  a

descri ption of a rec ent s o f t w a r e  des i gn t e c h n i q ue  w h i c h  im p r o ve s  the

a r c h i t e c t u r a l  design of s o f t w a r e  and aid s in r’educi i~~, l nte -c~’cle costs

is presented. The in fo rma t ion  discussed in t h i s  chap te r  can be

applied to software in general Ic. g. algorithm development).

The P rob lem/  Codin g Syndrome

From the v e r y be ginning,  a per son l e a r n i n g  to program a com-

puter is taught to u n d e r s t a n d  the p rob lem to  be solved , dev ise  a

solution algorithm , and finally, code tha t al go r i t hm in a sui table

programming language.  Sinc e this me thodo logy  is taug ht at  a basic

level , it seems to stay w i t h  a person forever . For many years this

problem/coding tradition has been a p a r t  ol t he  so f t w a r e  l i f e - c y c l e .

The software life-cycle is well known by s o f t w a r e  profess ionals

(Ref 1:4) . However , as shown in Fig .  1 , the r equ i r emen t s  defini t ion

phase and a major  port ion of the des ign  phase  have  bee n bypassed.

The desi gn phase cons i s t s  of p r el in i inarv  or s y s t e m  level design (Ref

.~~:l4 ) ,  a n i  de ta i l ed  desi gn. In Fi g. 1 . the shaded area  wi th in  the

desi gn phase represents  onl y pa r t  of the de ta i led  desi gn. See

S
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re fe rence  12 for f u r t h e r  deta i ls .  The impor tance  of the so f tware

requi rements  de f in i t ion  t ”wha t”~ and design C how ”) cannot  be over-

emphasized in any Air Force software development e f f o r t s .

The sof tware  requ i rements  and design phases  must  be accom-

plished so tha t the end- i t em sof tware  system satisfies tine user ’s

requ i rements , is more easi l y unders tood ( r e d u c e d  comp lex i ty ) ,  and

is maintainable. These a t t r ibu tes  wi l l  hel p to s ign i f i can t l y decrease

total sof tware  l i fe— cycle  costs. Ther e  is a lmost  a d i r ec t  re lat ionship

between the r e q u i r e m e n t s / d es i g n  phases and the operat ional  phase.

Sof tware  maintenance occurs  in the opera t iona l  phase (Ref 1:6;

12:25) of tine so f tware  l i f e -cyc le .  Latent  so f twa re  e r r o r s  are  gener-

all y d iscovered  at this time (Ref  l :b ) .  This ca t egory  of e r r o r s  (i.e.

latent)  is usuall y due to poor requ i rements  defini t ion , poor desi gn

ef for t , or both. Generall y,  the later the e r r o r s  a re  found the more

costl y they are to cor r ec t  wi th  respect  to e f fo r t  and time (Ref  12 :5).

it is well known that  sof tware  l i f e -cyc le  costs  a re  hig h and are  con-

tinuing to increase .  There fo re , sof tware  development  can no longer

be taken lightly.

The Air  Forc e has been involved with the p rocurement  of aero-

nautical  system sof tware  for  many years , but recentl y has indicated

that maintenance and support of weapon syst em s o f t w ar e  throughout

the l ife-cycle may be accomplished by the Air  Force if deemed cost

effect ive .  Since new weapon sys tems  have  a long lead-time and tech-

nology ( i . e .  sof tware  and ha rdware)  and miss ion requirements  are

10
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c o n s t a n t ly being improved , it is v e ry  p r ob a b l e  that an a c t i v e  n i o d i f i —

cat ion  and enhanc e n wn t  prog r am f o r  an~’ p a r t i c u l a r  a v i o n i c s  so f twa re

wi l l  be genera ted .

Requi rements  Engineering

The purpose of tin e r equ i rement s  de f in i t i on  phase in the so f tware

l ift’ — cy cle is to  c onip le te ly and unambi gu i ou s l v  d o c u m e n t  an ~n t e r p r e —

tat i on of the s o f t w a r e  r e q u i r e m e n t s  n e c e s sa r y  to s a t i s f y the system

specification. This  phase  of the so fhv ar e  l i f e - c y c le  can be consid-

ered the most c r i t i c a l  (Ref 1:5) .  A P a r t  1 softwa re specification

(des ign)  con ta ins  the r e q u i r e m e n t s  i n f o r m a t i on  p e c u l i a r  to the  design

and development  of a particular so f tware  s y s t e m  ( R e f  2: 15) .

The requirements repres ent a com p le te  analysis of ‘‘what’’ (not

‘‘how’’) one is trying to accomp l i s h  w i t h  the sofhv a re R ef  22:14) or

w h a t  the software produc t will do , and se rves  as a b as i s  for  common

agr e e men t amon g al l pa r t i es  concerned ~R ef l~~:5) .  A wel l  detailed

desc ript ion of ‘‘how ’’ t he se  r equ i r emen t s  a r e  to be achieved is accom-

plished in the des ign  phase of the s o f t w a r e  l i f e — c y c l e .

in gene ra l , s o f t war e  d e v e l o p men t  is d iv ided  into many  phy sica l

tasks to be accomplished b many people , and as a r e s u l t , it may be

e x t r e m e ly difficult to main ta in  the  ‘i n t e g r i ty ’ of the en t i r e  sys tem

(Ref  13 :42-4 4 ) .  An excel lent  place to s t a r t  m a i n t a i n i n g  s y s t e m

in t eg r i t y  is w i t h  tine use of a comp lete and con c i se  s of t w a r e  requ i re—

ments definition. :\~ wi th  any problem wh ich  is to be solved , a bet ter

1
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solution is achieved if the problem s t ruc tu re  is more c lea r l y and con-

cisel y defined , described , and understood.

tectura 1 Fj2I125°~~ 1

The word architecture implies organization. At f ir s t  glance , a

well organized so f tware  systems archi tectural  r epresentation rrügbt

resemble an organization chart for  some large corporation. This

architectural representation also implies a management hierarchy

(Ref 40:25) which is closely associated with the di ffe ren t  informa tion

levels within the organization or structure.  In a so ftware  system. this

hierarchical s tructure is represented by the purposeful orderin g of the

pieces or parts (modules) which make up the system.

A major concern of the sof tware eng ineer or designer should be

the ordering of the modular structure in such a way as to reduc e com-

plexity and ease the processes of coding , debugg ing , testing, integra-

tion, and operation so that sof tware  l i f e_ cyc le  costs will be reduced.

The design phase is extremel Y important. Within this phase , the pre-

1i~~~narY design should resul t in an identification of all modules , their

functional descriPti0fl0~ 
their interfaces , the hierarchical struc ture

of those modules, the 
associated data structure 

relation shiPS, and any

necessarY performanc e requirements (Ref ZZ : l5) .

A recent report (Ref 38:5-6) indicates that the software for an

operational flight program used in a 50phlst iCated electrO-0Pt 1c~~l

sensor system was designed in such a way that its architecture will

12
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not allow easy  modif icat ion to meet c han g in g r equ ir emen t s .  In order

for the software maintenance and support operations to successfull y

meet changing requi rements , the n e c e s s a r y  i n t e rna l  sof tware  design

informat ion  must be easil y t r a n s f e r a b l e , unde r s t andab le , and com-

plete (Ref  8:23-25).

It would be highl y desirable to use an appropr ia te  design and

self -document ing methodology to provide this in format ion .  It should

be conducive to providing an improved so f tware  a r c h i t e c t u r a l  design

whic h can more easi l y meet changing r equ i r emen t s  and , in addition ,

help reduce total so f tware  l i f e -cyc le  costs.

The Technique of St ruc tured  Design

Recentl y severa l  so f twa re  design techni ques have  received the

attention of so f tware  eng ineers.  ~- 1ierarch y plus i npu t -p rocess -ou tpu t

(HIPO) by IBM (Ref  17), higher order software (I-lOS) by Draper Labs

(Ref  l o ) , top-down by Wir th  iRe f  39) , i n f o r m a t i o n  hidin g by Parnas

(Ref  27; 28) , Jackson ’ s method (Ref  1°) ,  composite design by Myers

(Ref 26) ,  and s t ruc tu red  design b y Constant ine  1Ref 40) are design

methodologies cu r r en t l y in use. The l a t t e r , s t r u c t u r e d  design by

Constantine, will be briefly discussed.

Struc tured design is a set of general  p r o g r a m  design consider-

ations and techniques used to n-iake coding, debugging ,  and modifica-

tion easier , f a s t e r , and less expensive by reducing complexity (Ref

20:Sec I, 1). The major ideas of this methodology resulted from

I
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n e a r ly  ten y ear s  of r e s e a r c h  by Mr .  L a r r y  1.. C o n s t a n t i n e .  I-ic

approached his research f r o m  a c o s t  stand point and observed ~~at

so me des i gns w e r e  cheape r  than others , w e r e  e a s i e r  to imp lement ,

and al lowed faster and ea s i e r  m o d i f i c a t i o n s  (Ref  34) .

A major  o bj e c t i v e  of s t r u c t u r e d  des ign  is to develop a software

sy s t e m  of modules  a r r a nge d  in a h i e r a r c h i c a l  manne r  s u c h  that indi-

vidual portion s can be e v a l u a t e d , i m p l e m e n t e d , mod ified , or changed

w i t h o u t  af fect in g the r e s t  of the s s t em  ( R e f  20 : 42 ) .  For an optimal

des ign , ce r ta in  p ri n ci ples and ru les are  us ed. The pr i n c i ples of

Coup l ing (inte rmodula r connec t ion  r e l a t i onsh ip )  and Cohesion (intra-

modular  s t r e ngt h  r e l a t i o n s h ip) aim f o r  low or louse  coup ling between

modu les , and high ind iv idua l  module cohes ion  ~Ref 24 : 13) .  In addi-

tion, rules for module scope-of-effec t and scope-of-control aid the

so f t w a r e  des igner  in achiev ing  this  obj ec t ive . A module ’ s scope-of-

control is that module plus all subordinate modules. The scope-of-

effect (of a decision) is the collection of all modules containing any

processing that is conditional upon a decision. For an y g iven deci-

sion, the scope-of-effect should be w i t h i n  the scope-of-control (Ref

40:240).

A da ta  f low d i a g r a m  or bubble c h a r t  is used ( see  A pp endix B) .

The bubble c h a r t  defines the requ i red  o rder  of data  transformation

and , a c c o r d i n g  to Cons tan t ine , should not  s how cont ro l  flow , t iming,

lo op ing or machine dep endency.  The bubble c h a r t  does not indicate

the modular  s t r u c t u r e  (Ref  20:Sec I , ~~
) . The focus is upon major

14
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streams of da ta  as t h e y  f l o w  f r o m  external i np u t  to e x t e r na l  ou tpu t ,

and the transformation processes in bet\\een ~Ref 24:lf’). A structure

c h a r t  is developed from the bubble  c ha r t  .ind r ep r e s e n t s  the  h i e r a r -

chical relationshi ps of the modules and pro~ edural or control infor-

mation (see Appendix C). These c h a r t s  a r e  used in a h eu r i s t i c

manner to d o c u m e n t  desi gn r e f i n e m e n t  and e v a l u a t e  the sstem archi-

tecture with  r e s p e c t  to the principles and rules previousl y discussed.

The functiona l orientation of structured desi gn makes it partic-

ular l y a p p r o p r i a t e  fo r  s o f t w a r e  s y s t e m s  w h i c h  mig ht exper ience

changes in funct ion  ( R ef  24:l~ ’) , possibly like those associated with

opera t iona l  flig ht s o f t w a r e  in a r e a l - t i m e  embedded sy s t e m .  Modifi-

ca t ions  which  involve  addi t iona l , augmented , or dele ted  f u n c t i o n s  are

relativel y straightforward (Ref 24: i b )  w h e r e  s t r u c t u r e d  des ign has

been used.

Summary

This chapter expressed a concern for software requirements

and design engineering w i t h  a goal toward  purpose fu l  s o f t w a r e  sy s t em

structuring and the use of a method for accomplishing that struc turing.

The t rad i t ional  approach of many sof tware  practitioners (and man-

age r s)  in going d i rec t l y f rom the problem ( s y s t e m  spec ification) to

the coding phase is hi g hl~ undesirable and costly. The need for a

complete, unambiguous , ~ ritten , and m u t u a l l y agreed upon require-

ments def ini t ion is hig hl y des i rab le .  A s o f t w a r e  a r c h i t e c t u r e  which

1



easil y allows fu tu re  changes , is easil y understood , and aids in reduc-

ing software l i fe -cyc le  costs associated with a sys tem is also desir-

able. Present  day Air  Force sof tware  is ve ry  expensive.  Finally,

Structured Design by Constan tine is a sof tware  desi gn methodology

that makes coding, debugg ing, and modification easier , fas te r , and

less expensive. These a t t r ibutes  are  highl y desirable for  Air  Force

computer software.  P rio r to discussing the app lication of design

techniques, the PAVE TACK OFP will be briefly described.

1
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I l l .  t he ) ‘ .- \V t i . \ t , h
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h i t  I ~‘( I t l ~ I

1 ins  hapt  e r 1% i i  et 1 ~ di’ .. t th e  s (lii ’ ope r a t  t ono l  f l i g ht  prog rant

t o r a ti r t ent :\t t- I - o i~~ ~ s c i i i  ito it  t ed I A V l- T A CK .  cue t-o 1 in fo  r —

m a  ( i o n • subs v I c  I i i  tn t  e E l  a c es and  (he ex e c u ti ve  s t r i te  tu re ar e  dis —

cussed.

I- ~t ’ f l t .  t o !

I A V I - I A  C K is a Ito t u e  g lv  t.~~ to on ad va t i c  ed d~~v ni gh t  elect ro —

• op t i ca l , pod — moun ted  a t t a c k  and Sn rv ci i i  on ce  s v s  t (‘I i i  j u t  etided to

r oy t. weapon  tIt~I ive ry c .tp ab i  I i t  y • ‘i ’itc I AV V ‘I A  CR pod can be

c cu te  i 1  inc mit oun t ed or  hoc .tt ed on an y  s to  res s t a t  ion of  a pa r I le  ula r

fi g h t er  a i rc r a f t .  hi a d d i t ion  to  st ippo rtitig av i o n i c  s and pow e r  con-

v er s i on  equi pn ie t i t , ( i i i ’  pod ~ oi i t . t i i t s  a d ig i t a l  c o mp u ter  ( R e t  2’~:~i0) .

\V it hin th e  c o t u u l n i t e r  (l it ’ ~ i-i pe r fo  r u t s  s ign i  t i c  .in I n t i s  sion f u nct i o ns .

The I u i\ \‘ V ‘l’ACK ~~F’P j u t e  r f a c e t ;  w ill1 t he  pod to pi’ t’ fo rm  t a r g e t

sea rc it and t r a c k in g  t t i n e t i o i u s  . lt  a l s o  i nt e r l a c e s  w i t h  the  a i rc  ra f t

C ol l ipu e r ~se’ r i o t  it I g il a t  tn t  c r 1  a c e )  f o r  the  inpu t  of no v i  got  ion and aim —

point  dat a  •iti(I the  output  ot tuo ~- i gat  ion c o r re c t i o n  updat e s .  t oniput a —

Lions .i r i’ per  ( i t  rnied wide it in t u r n  g e n e rat e  s i glia Is to  ( l ie  I ~A V V TACK

I alit i ~•ed s ight suits y st c i i i  to at ;  s is t ~n ac i lu l  r i n g  a tid I roe k i n g  t a r g e t s .

I a s  .‘r in f o  r u to ( i t i i I  e. g . $ lo itt  r an g e ) ,  ope ra t o t  s i g n a l s  e . g. t rae k ing

~-ont  rot k ind le ) .  and elect  ro — opt it ’ . i I  s ug hu t h ik e  aug u la  t- dot  a a re
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processed by the Ol•’P to prov ide  data  f o r  up da t i ng  ai rc ra f t  nav i gation

and weapon delivery func t i ons  (R e f  7 :Sec III , 1)

‘r h e’ O F It  res ides in t u e  f l i gh t  c o m p u t e r  memo r y .  Under  control

ot the stored OFP , a c on v er si on  uni t  ace ept s  ana log  data f r o nt  the  pod

and av i o n i cs  sy s ten~s and conver t s  this data f o r  use by the di g ial com-

pu te r . A t t e r  p r o c e s s i n g  the data , sonic ou tpu t s  of t h e  c o mpu t e r  a re

converte ’( 1 to ap pr o p r i a t e  analog si gna ls .  ( ) t h e r  dat a  is a v a i l a b l e  or

produced  in the for m  of ‘disc r et e s ’’ w h i c h  a r e  special  w o r d s  in corn —

pu te r  m en io rv .  Each word  c o n s i st s  of bi ts  • each of w h i c h  represent

a specific s t a tus  (e .g .  inhib i t  l a ser , s y s t e m  f a i l u r e , h and -con t ro l

switch, and so f o r t h ) .  For f u r t h e r  details on the OFP , the reader

may re fe r  to r e f e rences  4 , ~~, ~~~, 7 , 15 , 18, and 38.

S u b s y s t e m  i n t e r f a c e s,  it is n e c e s s a r y  to sy n chr on i z e  the OFP

f u n c t i o ns wi th  those being pe r fo rmed  by s u b sy s tem s , and there are a

number  of different i n t e r f a c i n g  loops involved.  The three’  i n t e r f a c i ng

lo ups ar e  the op e rat o r  ioop, th e pod / OFP loop , and the a i r c r a f t  corn—

p ut e r/ OF P  loop. The func t iona l  s u b sy s t e m  in t e r f aces  for  the OFP

may be seen in Fig. 2.

PAV E ‘rAck’ s p r i m a r y  funct ion is t a r g e t  acq u i s i t i o n  and t rack-

ing. in the op er a t o r  loop, this funct ion  is c o n t r o l l e d  by the ai rc  rew .

Analog thumb t r a c k e r  inputs (i. c. the t r a c k i n g  c o n t r o l  handle)  allow

the ~i i rc  rew to con t ro l  I-he line of sig ht LOS) of the f o r w a r d  looking

in f r a r ed  ( F l .I R )  de t ec to r  and l a se r  in the pod. Feedback  to the a i r -

crew is t h r o u g h  a CRT disp lay  which  is con t ro ll ed  b y so f t w a r e  and
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hardware .  The in teract ive  p od/OFP loop exists  between the pod

subs y s tcn ls  and the ~~ ‘ - P. The pod provides analog LOS position and

rate data to the OFi~, while the Ofl’ provides  analog LOS position

control  as a func tion of e r r o r s  and control  inputs .  h a r d w a r e  and

sof twar e ’  p ar a m e t e r s  maintain 1oup s tab i l i ty .  T u e  p r i m a r y  purpose

of the a i r c r a f t co m p u ter / O F P  loop is to provide a i r c r a f t  computer

navigat ion  and airnpoin t data to the 0J”I’ . Th is ioop is interconnected

with the operator in t e r f ace  th rough  the a i rc  r a f t  computer.

Execu t ive  S t ruc tu re .  The execut ive  handles the t int ing and task

sequencing of the enti r e’ OFP. in addition , the execut ive  is respon si—

ble t or  assur ing  that  the p r o g r a m  resumes wi t h o u t  ‘‘impurity ’’ where

it left off a lt er  a timing or data in ter rup t  has occurred.

The executive control module of the 1’AVE TACK OFP consists

of three main routines:  the power int e r rup t  module , the l e v e l — i

interrupt routine , and the level-O in te r rup t routine.  The power inter-

rupt i-nodule pe r fo rms  the initial condi t ion  set t ings fo r  the OFP after

the occur rence’  of the power-up in te r rup t  or alter the completion of a

system built-in test (BIT).

The level-  1 routin e controls the basic t iming of the OFP pro-

grain execution. A programmable t imer (coun te r)  is set to generate

a l e v e l — i  tinier in ter rupt  eve ry  8. 33 u ti l l i secouds . When ever  this

timer in t e r rup t  is generated , the’ executiv e’ contr ol  p or t ion  of the

level - i  routine is entered.  Process ing  con s i s t s  of a mainloop cycle

of ~5 milliseconds, a fas t loop cyc l e  of 8. ~3 mil l i seconds , and slow r

20
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cyc le  of 10(1 mil l iseconds and 1 second. The f a st l o o p  per forms  the

ra te  aidin g and image deroLt t ion ang le ex t r apo la t ion  computat ions  in

order to provide the ra te  aiding si gnals and dero ta t ion  ang le output

at t h e rate’ of 120 hertz. The slow cyc les  include a call  to a subrou-

tine which f lashe s the laser  t r a n sm i t t e r - o n  indicator  on the CRT at

the’ r a t e  of f ive  times a second whenever  I-he lo s e r  t r a n s m i t t e r  is on.

The other  portion of  the slow cycle  consists  of the CRT disp lay output

processing.

The main process ing  of the PAV E TACK OFP is performed

ev e r y  25 mill iseconds w h e n  the execut ive  c ails tu i t ’  rnainloop module.

The s t a r t  of analog data input c onversion is ini t ia ted by the executive

immediately before the execution of the ’  n’ia inloop. The rna inloop may

be interrupted by the l evel - i  t imer in te r rup t s . The e - .ecut iv e  checks

to see whethe r the slow cy c l e  process ings  are  required , calls the

slow cy c l e  process ings  or sets I-lie f lags fo r  slow cy c l e  processings

when required , and re tu rns  to the process ing  in te r rupted .  Af t e r  a

cycle of the rnainloop processing is completed , control  is returned

to the execuUve.

The executive also calls the one he r t z  processes when required

and s ta r t s  or continues a BIT so f tware  p rog ram which  is performed

on a time available basis.  This p rog ram is cal led  the running BIT

program , and it performs limited s e l f - t e s t s  of the CPU , memory,

input/output , and pod subsys tems . The i e v e l — 0  i n t er rup t  routine

services  analog daLe conve r s ion  and l a ser  input processing when the

21
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signal converte r in ter rupts  are  generated.  The OFP executive con-

trol p rogram is a synchron iz ing  executive . The lev e l - U  in te r rup t

routine services  asynchronous  external  inputs at a h igher  pr ior i ty

level than I-he executive program.

Summary

This chapter presented a brief  descr iption of an operational

flig ht program for  a current  Air Force pre-operat ional  avionic sys-

tern called PAVE TACK. General information, subsys tem interfaces

and the executive struc ture w e r e  discussed.

1
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IV . App lication of Desig n Techniques

Intr oduction -

This chapter describes the results of applying several design

techniques to the PAVE TACK OFP. The initial approach attempting

to apply the s tructured design methodology is discus sed. Included

are some of the problems that were encountered. Finall y, the

revised design approach , as a resul t of the problems encountered

during the initial approach, is described , and several  design tech-

niques are discussed. 
-

Initial App roach

Objective. For the initial approach , the structured design

methodology was to be applied to the entire PAVE TACK OFP require-

ment. After  a reasonable amount of requirements familiarization

time , the draft  Part  I software specification (Ref 4) was used , as it

should be , for the basis of the sof tware design. It was anticipated

that this would be the same design start ing point for  an avionics

sof tware  engineer /contract  monitor. The operation of the OFP ,

developed with s tructured design , would be a “black box ” equivalent

to the current  software.  However , the internal sof tware architecture

of the new design would be different , and the benefits of this type of

design were previously discussed in Chapte r LI. Transform anal ysis

was used to s tar t  the design procese.
I
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Applicat ion of T r a n s f o r m  Analys i s .  Cons tant ine  defines Trans-

form Anal ysis , or t r ans fo rm-cen ter ed  design , as a s t r a t e g y  which

identifies the pr imary  processing funct ions ( t r a n s f o r m  center )  of the

desired software sys tem, the hig h-level  inputs ( a f f e r e n t  data ele-

ments) to those func tions , and the hig h- leve l  outputs (ef fe ren t  data

elements) f rom those functions (Ref  40:254) .  The concepts behind

the s t ra tegy of a s t ruc tured design were  br ie f l y descr ibed in Chapter

II. The major steps of t r ans fo rm anal ysis are:

1. Res ta te  the “problem ” as a data flow d iagram (bubble

chart).

2. Identify the a f fe ren t  and ef ferent  data elements on the

bubble chart.

3. Pe r fo rm f i r s t  level factor ing to obta in an initial high-level

s t ruc ture  chart.

4 . Using this s t ruc ture  chart , f ac to r  the a f fe rent , t r ans form,

and efferent  branches.

5. Complete the final struc ture char t  by noting any depar tures

f rom the s t ruc tu re  char t  obtained in the previous step.

Departures refer  to changes resulting f rom a design trade-off

anal ysis of scope-of-ef fec t , scope-of-control, the princ iples of

coupling and cohesion , and any a pr ior i  knowledge of part icular

“ real-world” effects  on a proposed design. As mentioned in step

one , the t ransform analysis process s tar ts  with the development of

a bubble chart.
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:\ t t empt i i ig  to s t a r t  I- lie i n i t i a l  dev e lopt i i eu t  ot a s v s  t e r n —  leve l

bubble ’ c har t  I -or  t he PA\ ’ F 1~A Cl<. ~~l- ’1” w a s  not  e asy .  The  d r a f t  Part

I s p ec i f i cat i o n  ~R e t  4) did not nece’ssa  r i 1~- i n d i c a t e ’  how data  t o r  the

~~l-’P w as re la ted  to . or  o r i e n t e d  ~e. g . t a s k , ~‘pe’r at or  se lec te( l  mode .

e t c .  ) I - o r  Cisc’ by the d es i r e d  s o itw a  re. A s y s t e m — l e v e l  bubble c h a r t

should c o n s i s t  of al l  m aj o r  inpu t s , a l l  m~no r o u t p u t s , and al l  appro-

priate do to t r a n sf o rt i i a ti on s  be tween  the  two t yp e s  ot d a ta .  1 lowev e r ,

due to l a ck  of w r i t ten  d i r e c t i o n  t d r a t t  P a r t  1 sp e c i f i c a t ion )  • the co rn—

p1 exi tv  of the  de s ign  p rob lem slow l y became app~i r e n t ,  It might be

possible to or ien t t h e’ data lor  the  bubble  c har t  by t a s k  or mission

re lated  funct ion) , da ta  c l a s se s  t d isc  r et e  or analog ) . mode I sea rch) ,

interrupt levels or some L’ r b i n a t i o n  of these .  u pon closer exanhi —

nation , it appea red as thoug h a task  a n d / o r  mode’ da ta  o r i en tat ion

might he the bes t  d i rect ion  to take.

However , a ch a n g e  in app ly ing t r a n sf o rn i  a n a ly s i s  to I-lie en t i re

0 Fl’ had to  be ma d ~‘ in o rd e ’ r to all ow ihie’ study to proceed.  W i I-h

res pect to the en t i r e ’  0 1 ’ . pro cess ing  ou t s ide  the  mainloop appeared

t~ involve’ too much t iming and c o n t r o l .  :\ basi s  in app ly i n g  a bubble

cha r t  is to avoid t iming and con t ro l .  T h e r efo r e , it wa s  decided that

a bubble c h a r t  would not be’ d i r ec t l y app licable ’ to  the’ exe’cutive and

other  a s s o c i a t e d  ftu ict i on s  out s ide  of th e’ OFP inainloop.  As  a resul t,

the decis ion was  made to app ly the t r a n s  fo r m  a n a l v  sis  steps to the

OFI’ ma inloop since mos I- of the  opt ’ r at ion a l  a i rh o  ru e fun c t ions are

pe r f orn i e ’d there  (Ref  38:.A 1).
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Several u n s u c c e s s f u l  a t tempts  were  made to c r e a t e  a niainloop

bubble char t .  One par t icu la r at tempt is wor th  not ing .  Rea l iz ing that

the mainloop per formed several  functions , the idea of gene ra t ing

subsets of bubble cha r t s  (bubble chunks) ,  which  would later  be com-

bined , seemed appealing. Bubble chunks w e r e  created for  several

sub-functions such as ACQUIRE, SNOWPLOW . TERRAIN MONITOR

and NAViGATION cueing. The bubble chunks  w e r e  combined to form

the bubble char t  associated with sightline control during the search!

acqui re  function.  Althoug h the idea of using bubble chunks is a valid

technique (Ref  20:Sec 11, 26-3 1) .  it did not work  ~vell in this case.

The result was a very  poor , if not inva lid , bubble cha r t .  The bubble

char t  was extremel y c lu t te red , had in te r fe r ing , c r o s s ing data flow

lines (not allowed) , was  inconsis tent  in severa l  a reas  ~e. g. undesir-

able d i f ferences  in data s t ream names) ,  and tended to show some

control (not allowed). Later  the reason for this result  will  become

appa rent.

Af ter  much time was  consumed experiencing several  such

“blind alleys , ” the final Pa r t  I sof tware specification (Ref 5) became

available and proved to be helpful. The OFF funct ional  summary

now listed the major tasks to be performed (Ref  5:Sec I . 1-2)  rather

than a descr iption of the OFF “modules ” (Ref 4 :2 ) .  Normally a

complete description (includ ing in te r faces)  of OFP niainloop module.

would exist after the prel iminary  design as a resul t  of an entire

application of , for examp le , tL.. design techniques presented in thi s
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chapter. The fo l low ing m a j o r  tasks as s o ci a t e d  w i t h  I-tie 0l’P main—

loop  we’re e xtr a c  ted C e r b a t n h l )  f r o m  I- l ie  f u n c t ion al  s umnia r l i s t

~Ref  5:Sec 1. 1—2) :

1. Pr o v i d e’ s igna ls  to the PA\  F TACK s igh t l i ne  control

elec t ron i c s to a s s i s t  in a c q u i r i n g  and t r a c k i n g  I-a rge ’t s.

2 . P r o v i d e  v elo~ i t y t r i m  and n a v i g at i on  upda te  data to the

air e ral t coniput e  r . CIa r i iying N o t e :  The navigation

upda te  a c t u a l l y c on s i s t s  of v e l o c i t y  and range t r i m  da ta .

3. Inh ib i t  la se r  opera t ions  under  specified condit ions .

4. P rov ide  iniage dero ta t ion  and focus in g si gna l s to the

:\N ,‘AAQ — ° in f r a  red De tec t ing  Set.

The niaj or  t a sks  listed above served as the f i rst  v a gu e  indicat ion of

ac tCia l mainloop r equi r eni en t s  as per a P ar t  1 spec i f ica t ion .

The fix ia l  P ar t  1 s pee i f i c  a tion also gave  v e r y  brief  summaries

of the main loop major  ta sks  l i s ted  above’ (K ef ~‘:Sec 1, 2 — 7 ) .  The

s um ma rie s  w e r e  help fu l  w i t h  re’spec I- to t a s k  fan i ll ia  r i za t ion .  it was

s ona b it’ to expec t , f rom a des igner ’ s point of vi e’w , sonic wr i t t en

desc ri pt ion of ~uiy p recedence  re lat i onsh i p as soc i a t ed  wi th  the set of

t a s k s  comprising I-lie mainloop. It was obv ions f rom  s tudying  the

spec i f i ca t ion  that  sonic’ tasks or act i o n s  w e r e  required pr ior  to

oth e ’ r s ( C .  g. input spec ific data  at s t a r t  of n iainloop ,  or pe r forni

coo rd ina te ’  t r a n s tor n i a t i o n  of i n e r t i a l —  to— si g hi l ine ’  in format ion) .

How ever , precedenc e in format ion  of a level  of detai l  su f f i c ien t  for

th is  desi gn study w a s  not found.
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A f ina l  at t e m p t  was  made to app l y t r an sf o r n i  anal  i s i s  t o  the

OFP niainloop.  M aj o r  f u n c t i o n s  w e r e  an alv  r ed . Do r ing  the  a t t e m p t

to g e n e r a t e  a bubble char t , i t  w a s  r e a l i z e d  that  no a f f e r e n t  or  e f f e r e n t

da ta  e lements  could be found between the m a j o r  t a s k s ,  in f a c t , each

n i a l or  t a s k  a c t u a l ly  funct ioned  as an i n p u t — p r o c e s s  — o u t p u t  (~~~O)

sch eme. That  is , each m aj o r  f u n c t i o n  ii ives  t i g a te d  f o r  the mainloop

could be co ns idered  a small app l ica t io n p r o g r a m  in i t s e l f .  This

explained why p rev ious  bubble c h a r t  attempts ~e. g. usin g bubble

c hunks)  did not succeed.  W i t h  I-his r e a l i z a t i on , it beca me obvious

tha t the approach to the s t ruc tured des ign  i n v e s t i ga t ion  would have

to be modified.

Revised  App roac h

Object ives .  For the revised approach , severa l desi gn tech-

niques w e r e  applied to the P :\VE TACK OFF mainloop requ i rement .

The final Pa r t  I specif icat ion I -Ref  ~‘) was  used in the same manner

previous ly  d iscussed  ~initia1 approach object ive) . The design tech-

niques w e r e  app lied to severa l  sect ions of the OFP mainloop, but

proc edures re la ted  to each technique are  ca r r i ed  out onl y f a r  enough

to show the avionics sof tware  eng i n e e r/ c on t r a c t  monitor  “how to get

s tar ted”  on a design.  Finally,  a so f t w a r e  desi gn is subje c t ive , and

na tu ra l l y, may v ar ~- f r o m  one designer  to another.

F in i t e -S tat e  Techni que. For the purposes of this  stud y, the

f i n i t e - s t a t e  technique is defined as a method that  uses a state
1
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d iagram to r epresen t  a specific al go r i t hm ’ s con t ro l  f low. The state

d iag ram is made up of nodes and d i r e c t e d  l inks w h i c h  r ep r e s e n t  con-

trol  of the OFP mainloop opera t iona l  a i r b o r n e  f u n c t i o n s  or tasks .

The nodes are  r e p r e s e n t e d  by c i r c l e s .  The d i r ec t ed  l inks ( i . e .  ed ges)

bet w een nodes a r e r epr esen ted by an a rc .

The technique , as u sed he r e , has been s l ight l y modified f rom

c u r r e n t  f i n i t e - s t a t e  autonoma methods ~Ref 2 4 : 2 2 - 2 7 ;  11:221-239).

In this stud y, each node repr esen t s  a task.  Since each task  within

the OFP niainloop has previous ly been defined as an IPO scheme , no

data is passed between tasks  at this level ( s t a t e  d i a g r a m )  of observa-

tion. Proper  sequenc ing  of cont ro l  f rom one OFP main loop  task to

another is of pr ime importance at this s tage of design. in this

res pect , the techni que permits  a be t te r  understanding of the algo-

rithm ’ s control  s t r u c t u r e  by usin g an appropr ia te  “level of observa-

tion ” and reducing super f luous  detail.

For the PAVE TACK OFF mainloop, a particular control

relationship (i. e. search, cue or track mode selected b y the opera-

tor) was known (Ref  ~:Sec III , uS ;  Sec XX , 9 - 10)  at the s t a r t  of each

mainloop execution. This re lat ionship was  used to d i r e c t  control to

the next task in the mainloop. This is possible because the maximum

mainloop execution rate is f o rty  her tz , and the mode does not change

dur ing any par t icular  mainloop cycle .  Although the mainloop is

pre-emptable , task execution resume s when the request  causing an

interrupt  is sat isf ied.  For example , an in t e r rup t  generated for
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laser data input pre-empts an “in-process ” task in the mainloop.

After the laser data has been “processed,” the interrupted task in

the mainloop resumes its processing. The control relationship,

defined above , works  in a sa t is factory manner for  this application of

the f ini te-s tate  technique since the mainloop can be considered a

closed sub-task sys tem ( rnainloop is part  of the executive). Tha t is ,

the mainloop contains a unique initial task (adjus t  raw input data for

OFP use) and a unique terminal task (adjust  raw input data for OFP

use) and a unique terminal task (adjus t processed data for output) .

Obviously, execution of the mainloop is considered complete when all

applicable tasks , depending on the control relationship, have been

processed including the initial and terminal tasks .

The control relationship previously discussed, and results of

further analysis of the mainloop requirements (Ref 5:Sec ELI, 65-68)

were used to apply the finite-state technique. The resulting state

diagram is shown in Fig. 3, and a description of next-state transi-

tions by mode (search, cue or track) are shown in Table I. This

type of table may be helpful during the coding phase , but can be

quite large depending on the particular OFF requirements. In Fig.

3, node one is the initial task and node eight is the terminal task of

the OFF mainloop. Node six (Perform Target  Operations) is in an

abstract form in order to simplif y the state diagram. It consists of

many sub-tasks or func tions , some of which will be shown later in

this chapte r (see Transform/Transaction Analysis).
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If l a r g e r , more complex task sy s t e m s  a r c  required , the

des igner  can  use a more  r i g o r o u s  approach.  A s t r i c t e r  t ask  notat ion

for  cha ins  and p r ecedence  may be used.  If the d e s i g n e r  requires

this type of detai l , any good text  tha t  uses  gr a p h theory appUed to

operat ing s y s tem s  tna y be used . See reference  14. 
/

The s t a t e  d i a g r a m  may be r e f ined  in any appropr ia te  manner ,

and ver i f i ed  b ch e c k i n g  the tasks  of the d iagram against  the func-

tional desi gn r equ irements  unt i l  the r equ i rements  a r e  met. Desired

l evels of detail , c l a r i t y  and completeness  nia ’~ be achieved,  it is

• important  tha t the st a t e  d i ag ram d i r ec t l y r e f l ec t s  the al gori thm

s t r u c t u r e  and meets the w r i t t e n  des ign r e q u i r e m e n t s .  Onc e the sof t -

w a r e  des igner  comp letes this step (app l ica t ion  of the f in i te - s ta te

technique) ,  the technique could be app lied ~if w a r  r a n t e d)  to another

single “tas k” w i th in  the s ta te  d i a g r a m  ju s t  developed ~e. g. Pe r fo rm

Targe t  Opera t ions) .  Developing state d i ag rams  at more  than one

leve l  a l lows des ign ref inement .  Each success ive  level would obvi-

ousl y contain a g re a t e r  amount  of detai l .  lii addition , the techni ques

which  fo1l~ v can a lso  be app lied to a sing le task unt i l  the ent i re  OFF

mainloop desi gn is complete .

T ran s f o r m  Ana l isis Technique. For the rev i sed  approach ,

Constantine ’s version of t r a n s f o r m  anal y si s  (Ref  40:254-300) was

modif ied.  The technique w a s  extended to inc lude  i t e r a t i o n s  between

the bubble and s t ruc tu r e  c h a r t s  (R ef  20:Sec U , l - 3u ) .  The modified

t r an s f o r m  anal ys i s  t echnique p e r m i t s  s u c c e s s i v e  des ign  ref inement .
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The ma jo r  steps are:

R e st a t e  the  ‘‘ problem ’’ as a d a t a  f low (h ag r a in  I- bLtb t ) l t ,  c ha r t

This is ca l led  the ‘‘ f i r s t  — c u t ’ ’  bubble c h a rt .

2. i d e n t i fy  the . tf f e r e n t  and e f fer e n t  da ta  c l e n it ’nt s  on t h e

bubble char t .

3 , v ..~l~ip a fu l l y tac  t oy e d , ‘ ‘ f i r s t — c  u t ’  st  r ue t u r e  c h a r t .

4. U sing the basic  p r inc i ples of coup l ing ,  co hes ion . sco p e — u t —

e f fec t , and s c o p e — o f - c o n t r o l , a n a l  ze the  f i r s t — c u t  s t r u c t u r e

chart .

5. U sing the r e s u l t s  of the a n a ly s i s , r ea r r . t i ig e  aii v modules  as

n e c e s s a r y ,  and r e c h e c k  t h e  ana l y s i s  as n e c e s s a r y .  \Vhen

the anal ys is  is comp l ete , th e  r e s u l t i n g  s t r u c t u r e  ch a r t  is

called the ‘ ‘ in termediate ’’ s t i u c t u re  cha r t .

b. F rum the inte rn ie diat  t ’ s t r u c t u r e  ch.t r t , develop a new

( r ev i sed)  bubble c h a r t .  This  is r e f e r r e d  to as the inte r-

mediate  bubble cha r t .

7. H ev i se  the t r a i i s  for m , and . i f f e  r e n t  and d i e  rent  data e le—

n ien t s  on the bubble  c ha r~ as n e c e s s a r y .  T h is  is ca l l ed  the

“f inal”  bubble char t .

8. 1 as tl y , dev e lop  the f i n a l  st r u c t u r e  cliii r t  f r o m  the f ina l

bubble chart .

In any anal y si s  of a bubble  ch a r t , it  should  be r e n i e n ib e  red tha t  the

bubble c ha rt may  be cons  ide red a g r ap h ica l  r epre  sent at  ion of the

probleni ’ s r e q u i r e men t  d e f i n i t i o n .  Ob~ i o u s t  v ca c li bubble char t
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should be checked  a g a i n st  the w r i t t en  r e q u i r e m e n t s  fo r  t i i i s i n t e r p r e —

tat ion of those re ’qui r ements  or an~ o thie r e r r o r s  e. g. an i n c o r r e c t l y

na nied data e l e m e n t) .  ‘I ’hie f i na l  s t r u c t u r e  c h a r t  r ep re sen t s  the

des ign , and the c h a r t  shou ld  r e f l e c t  the problem s t r u c t u r e .

T r a n s f o r m  Ana l y s i s  w i l l  be ap p lied to  t h e  ‘ ‘ P e r f o r m  l l)S image

Dc ro t at ion ’’ t a s k  in the n ia inloop s t a t e  d i a g ram  shown in Fig. 3.

Some of the  OFU nia inloop t a s k s  ar e  t r i v i a l  ( C .  g. ‘‘Se tup IDS Focus ’’) .

while o the r s  a r e  inure  comp lex ( e . g .  “Preprocess  Raw Da ta ’’) . How-

ev e r , the  i n f r a r ed  de t ec to r  set  (ll)S) Image Der ot a t i on  task  is simp le

to under  s tand.  Op era tor  hand cont ro l  data and e lec t  ro — optical  (EO )

g imbal da ta  a re  used to g e n e r a t e  cer t a i n  de rota t ion  data  which per-

mits the 1l)S to p e r f o r m  the image  der ota t i on  func t ion .  When a

t a rge t  has  been a c q u i r e d  ( w i t h  respect  to the a i r c r a f t  us ing  PAVE

T A CK ) ,  the t a rget  image can be disp layed (in the cock p it)  in a nor-

rn .i l and up ri g ht inanne r , and thus enhance rec ogni t ion  of a t a rge t .

This type of image  disp la y is . t cconip lishe ’d if the op e r a tor  selected

the ‘‘Horizontal  Na tu ra l ’ ’  d isp lay mode, if this t ype of image display

is not se lec ted , the t a r g e t  image  is disp layed such tha t  the vectored

component of a i r c r a f t  veloci ty  is upward  r e l a t iv e  to the disp lay

( Ref 5 :SecI , b) .

A f t e r  an extensive  anal ys i s  of the r e q u i r e m e n t s  for  the IDS

iniage’ de ro t~i t ion  t ask , a f i r s t — c u t  bubble c h a r t  wa s  comp leted , and

the a t I e  rem t and e’ife r en t  data ci ement  s we ’r e  i d e n t i f i e d  as shown in

Fig. 4 . The’ placement  ut the a f f e r e n t / e f f e  rent  ‘‘ cut s ’’ may v a r y
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sli ghtl y f rom one designer  to ano ther .  The cen t r a l  t r a n s fo r m  for

this problem lies between the a f f e r e n t / e f f e r en t  c u t s .  Wi th in  the

identified cen t r a l  t r a n s f o r m , two main  func t ions  a re  pe rformed.

Raw hand control data is dero ta ted  by using the derot atiox -i  ang le which

is either a preset , or calculated and modified angle. The modified

derotat ion ang le is der ived by app l y ing p rede te rmined  ang le limits to

the computed ang le. The computed ang le is obtained f rom the electro-

optical gimbal data ( ro l l , pitch and yaw s ine /cos ine  gimbal informa-

tion). For the second function , the dero ta t ion  ang le r a t e -o f- change

increment  is computed using the modified derota t ion angle and the

status of the ho r i zon ta l-na tu ra l  mode selected by the operator.  The

hor izon ta l -na tu ra l  s ta tus  and the wide -field - of - v i e w  (WFOV) status

are obtained f rom specific d i sc re te  input words  (DIWX)  in memory.

The WFOV status  is used to update the PA\T E TACK pod s ta tus .  The

WFOV status may also be used to scale ~a magnif ica t ion  funct ion used

f o r  coc kpit display)  the derota ted  hand control  data.

The bubble c h a r t , Fig. 4 , ca n be used to ver i f y the designer ’s

inte rpre ta t ion  of the problem by comparing it to the requirements

definition (Fa r t  I specif icat ion).  If n e c e s s a r y ,  the bubble chart  may

be revised to conform to the problem re qu i remen t s  as they are  under-

stood at this point in time. When the desi gner  is sat isf ied wi th  the

f i r s t -cu t  bubble cha r t , the f i r s t - c u t  s t r u c t u r e  cha r t  can be developed.

The f i r s t - c u t  s t ruc ture c h a r t  shown in Fig. 5 was developed

di rec t l y f rom the f i r s t - c u t  bubble c h a r t  wi th  the data and control
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arrows added. Any decisions wi th in  the h i e r a r c h i c a l  s t ruc ture  are

also shown. The modules are  annotated w i t h  d e s c r i ptive ph rases

ra the r  than single names . Table 11 lists the input and output

pa r i-~metcr s  of the f i r s t — c u t  s t r u c t u r e  char t .  Any cont ro l  pa ramete r s

a re  underlined.

The so f tware  e n g i n e e r / c o n t r a c t  monitor may not want  to use a

descr ip t ive  phrase  for  each module. As an a l t e r n a t i v e , s ingular

v erbs ca n be used wh ich  c ha r ac t e ri z e  eac h module ’ s funct ion  (Ref  40:

2 73-2 77) .  For example , the fol lowing names could be app lie l to the

second-level modules (b y number)  of Fig. 5:

1. GETI-IORZSTAT . DE ROTHANCON T L

2. GETJ-IANCONTLDA T 7. COMPANGROCI

3. GETSETANG 8. PUTHANDA T

4. GETMODANG ° . PUTANGDA T

5. GETVIEWSTAT 10. PUTINCREDAT

The designer has the choice of using ei ther  me thod of module identi-

fication . Regardless  of the method chosen , its use should be con-

sist ent  for each s t ruc tu re  chart.

The f i r s t - cu t  s t ruc tu re  char t  was anal yzed.  The s t ruc tur,e in

Fig. 5 is full y factored , and has a depth of four .  The fan- in  for all

modules of the second throug h four th  levels is one. The fan-out  or

span-of-cont ro l  of modules in the same levels ranges  f rom one to

three. Note that the fan-ou t  for  the level-one module is ten , which

might be considered slightl y hig h. This in turn makes the I -
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Table U
Fi r s t  Cut S t r u c t u r e  Char t  Pa r an-t e ters

Module Input Output

I - - - H o r i z o n t a l - N a t u r a l  Status

2 — — — I land Control  Coordinates

3 - - - Prese t  Derota t ion  Ang le

4 - - -  Modified l)erotat ion Ang le

5 -- -  WFOV Status

Hand Control  Coordi-  l)erotat ed Hand Control
na tes , P rese t  Derota - Coordinates
tion Angle , Computed
Derotat ion Angle

7 Modified Derotat ion Computed Ra te  of Change
Ang le , Horizontal -  inc rement , P r e s e t  Rate  of
Na tu ra l  Status Change  inc rement

8 \VFOV Status F~~~ , - - -

Derota ted  Hand Control
Coordinates

Derotat ion Ang le - - -

10 Computed Rate  of Change - - -
i nc remen t , Prese t  Rate
of Change increment

11 - - -  DIW4

12 D1W 4 H o r i z o n t a l - N a t u r a l  Status

13 - - - Hand Control  Coordinates

14 ---  1 rese t  Derota t iun Angle

15 - - - Computed Derotat ion Angle

16 - - - Derota t ion Ang le Limits

I
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Table II (Cont inued)

Module input Output

17 Computed Derotation Modified Derota t ion  Ang le
Ang le , Derotat ion Angle
Limits

18 -- -  DIWZ

19 DIW 2 WFOV Status

WFOV Status - - -

Der ot ated Hand Control Scaled Derotated Hand
Coordinates Control  Coordinates

Scaled Derotated Hand - - -

Control  Coordinates

Derotat iori  Angle - - -

Computed Rate of Change - - -
inc rement , Prese t  Rate
of Change increment

25 - - - EQ Gimbal Angular  Data

EQ Gimbal Angular  Data Computed Derotation Angle

- - - Pod Status

WFOV Status , Pod Modified Pod Status
Status

Modified Pod Status - - -

‘4ote : Control informat ion is underlined .

I
40



-

~~~~~~~~~

sco p e — o f — c o n t r o l  e l even  fo r  the f i r s t  level  module . The s c o p e — o f —

c o n t r o l  is fou r fo r  n odtile s f o u r , f i v e  and t~v e n t v ;  t h r e e  to r modules

one . eig ht and f i f t e e n ;  and t~~ f o r  a l l  app l i c a b l e  r em a i n i n g  modules .

There ’ .i r e  two de~ i s t o n s  shown on the  s t r u c t u r e  c h a r t .  One decis ion

i s in the ’ : i  r st le~ e’l module  and tn~ ol~ es modules  t h r e e  and four .

l i t - ~~~ .~ ~:e r o tat ion  .in~~lc ob tained  t rum these ’ modules  is used for

r u t  -~~s 1n~ tn modu les s ix  and se~ en w h i c h  a r e  ~t I~~u invoked  by the

l i r s t  level  module . T h e r e f o r e , the s c o p e — o f — e f f e c t  for  th i s  decision

is within the scope-of-control. The othe r decision is located in

m odule eig ht (second leveI’~, and i ts  s c o p e - o f — e f f e c t  is wi thin  the

Sc O~~C — of — con t ro l  for  that  module. F ina l ly ,  note  tha t modules two

and th ree  a rc  t r u l y  a f fe  rent , and modules nine and ten a re  trul y

e tt e r e n t  by definition.

To comp lete the ana ly s i s , coup lin g and cohes ion  of all  modules

was examined. The p rocedures  used w e r e  app lied to al l  modules on

the f i r s t — c u t  s t r u c t u r e  c h a r t .  The analy s is  of i-nodule coup ling ~Ret

40: 116-142 ;  2b : 33-53 ’~ required the use of Fi g. ~ and T-able U. For

example , modules one , eleven and t we l v e  a r e  data coup led. On the

other hand , module eight is control  coup led . Final l y ,  the cohesion

of all modules in Fig. 5 was  examined. The a n a ly s i s  required

famil iar iza t ion  with cohesion type -de f in i t ions  ~Ref 4 0 :l4 3 - l 8 b :  2b:

19-3D . A sentence descr ibing the purpose of each module was

wri t ten .  Each sentence was analyzed ~Ref 4 0 : 1 7 1 - 17 3 ;  2b :2 8-30) .

For examp le:
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I. Module one: The purpose  of th i s  m odule is to obta in  the

c u r  r en t ’ h u n : onta l  — n a t u r a l  s t a t u s .

2 . Module  e leven:  The p u r p o s e  of t h i s  module  is to read

disc  r ete  input  word  funk’ ~D l W4 )  f r o m  m e mor y .

3. Module t wel v e :  The purpose  of t h i s  module  is t o f ind the

h o r i z o n t a l  — n at u r a l  s t a tus  embedded w i t h i n  DIW 4.

From these simple ’’ sen ten ces , it is obvious  tha t each of these

modu les  is f u n c t i o n a l ly  cohes ive .  Examin ing  each module ’ s coupling

and cohesion in this  ana ly s i s  enables the desi g n e r  to in ves tig ate

a l t e r n a t i v e  s t r u c t u r e s  in an a t tempt  to produce  an in te rmedia te

s t ruc ture  char t .

An example of i nves t i ga t i ng  s t r u c t u r e  c h a r t  a l t e r n a t i v e s  is illus-

t ra ted  in F igures  b and 7. Fi gure  t shows a sec t ion  or one a f f e r e n t

b ranch  that  was  easi ly obtained f rom Fi g. . N ote tha t the decision

in the f i r s t  level module of Fi g. S is “hi gh” in the s t r u c t u r e .  It was

des i r ab l e  to move that  decis ion f u r t h e r  down into the s t r u c t u r e  ~a

lo~~er leve l) .  i~y mov in g modules t h r e e  and f o u r  down to the third

level subordinate  to a “new ” sing le module t ”OBTAIN DEROTATION

ANGLE”)  in the second level , the a f f e r e n t  branch in Fig. 6 is

obtained . A problem crea ted  by th is  a l t e r n a t e  a f f e r e n t  branch is that

the super ord ina te  module is con t ro l  coup led to the f i r s t  level module

in Fig. 5. It  is not n e c e s s a r i l y de s i r ab l e  to  go f r o m  data c oup ling to

control  coup ling , but in this case  since the “ H or i z o n t a l - N a t u r a l -

Status ” is passed to the “OBTAIN DERO TATI ON ANG 1 E” module to
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Control  7,
Coup led Q”~~t~~~~Derota t ion  Ang le

Obtain
Second Derotation
Level Ang le

Data 
L

Coup 1ed
~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Get P rese t  Get Modified
Third Dero tat ion Derotation
Level Ang le Ang le

$ 14 1  I i ~ 1 116 1 117 1
/\ ~
[~5] 126 1

Fig. t .  Al te rna te  Af fe ren t  Branch

Data
COuP 1ed . ..~~~~~//~~~~~~ D rotation 

~~~~~~al
/ Status

Second ( Obtain
Level Derotation

\.
\ 

Ang le

T 
Get Get P re se t  Get Modified 1

Third Hor izon ta l  Derot at ion Derotat ion I

Level Natural Ang le Ang le
Status ______________ ___________

/ \  _  _ __

1 1 1 1  [12 L~w1 ____ 
ioj  l~ 17j

12 5 1 126 1

Fig. 7. Revised Affe ren t  Branch
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a t i e t - t  liii’ dec s ,o i i , t h e  c -a n t  rol c csup l I n ~’ p r o b l em  c a n  be r en i e c l i e d .

The ’ r ev is t ’e l  a l i e  m a t e  . s t i ( ’r e l i i  l s , ’ . ,n ch  is sI-sown in l- ’i g. 7 .

Ni e sd i t l e  one ~ ‘ ‘ d i  1 lQl~ N A T  ~ TA ’ l l ~~-~’ ’ ) ,  on o f f e  m c i i i  m odu l e  t r e i n s

Fig.  “ , is mn e iv e d  i t ’  t h e  s i ihe~r d i i i o t e  p o s it i on  as  sho’%vli in Fi g . 7.

The ‘ ‘O Pt TA iN I ) l- ~ i~O’l A ’l ’lON AN G  I F’’ i nodt i l  V i s  now ci i i  t o  c oup l eel .

‘l’lu’ n iodu l  r s Oh I lie S (‘C ~ ii d ii ml t I i i  rd l e v e l s  of Fi g. a i c  s t i l l  f u ne  —

( i ona I l y c olies i y e .  I si r ig I lii s i i  me t  he ’d of dcv (‘1 esp i r ig  .s l i e  m a  l i v e

b ra in -  he s t o m  t h e  st  ru e hi ~~ c ha ml is  us ci ul 51 n t  c s m a  11cr see l ion s of

the  s t r u c t u r e  c-h a r t  a i- c ’ (‘. i $ l( ’ m to u i i e l e r s t . tn d  oi ic i  ; in a lv : c . it  hel ps

(l ie d e s ig n e r  t o  deve lop  ( l ie ’ in t e  r m n c d i . s t e  st  ru e - l i t r e  c h a r t , w h i c h  is  t h e

nex t sugge steel d e s ign  tep.  I l ow-ever , to  . ;r  r i~ c at  . s r i  0 c e• ept a hi C’

i i ite ru,e d ui te  s t r u t - l u r e  c~ha rt , t h e  (II’ S j~~n c r  m i m s i  p c ’ r t t - s r m n  an  an a l y s i s

s et c h  as th ,s I p(’ r i o  mined on the ’ f i r s t — c - ut  st rue  In mc ’ c - ha r t .

A l t e r  sev er a l  a l t e r n a t e  r e v i sed  f i r s t — c -n i s t r u c t u r e  c h a r t

b r an c h e s  w e r e  .m n a i v : e d . an in t e r n i e d e a t e  st  i - t n - l u r e  c h ~ ni was  c o r n —

p h c’(ed. l -o  r s i t -n p 1 ic - i t  v • t lie a bb rev  - s . i  t eel m l  i ’ m  m e d  j o t  c st rue ’ l e t  me c ha ml

(no  dat a  or  c o n t r o l  .; v r o w s  and  r io  m od u le  n u n i l m e  r s )  is shown in Fi g.

8. An .ena I y si  s c ml I lie m e  m mcd t o t e  st rue lu r e  cl - so  r t  w a s  8Cc Out  —

pl i shed in .e s in i i l ~ r m a n n e r  a $ t h a t  d r s  c r ibe e l  b r  t h e  i i  r st  — c u t

st ru e- (n rc el - so r t  . ‘l ’hme c~ otnp l ci ion of ( l i i  s s i t -t i c  t i m e c l - s o  r t p e rm i t s  th e

deve I op i t i en t  c mi  ( l ie  n e x t  bubble c-ha r t .

A im t n t  e r m n e d i a  t e imubbi  e cli ,; ml wa s  dcv e l  o1ied O s  s hiem ~i -ti  i i i  Fi g.

hi wa s  v e r i f i e d  . m g i ; i r i s l  and s lmo w ii  t o  s a t i s f y  i lmi ’  i i , t i i l  P o r t  1 spc ’c i i ic - a —  4
l ion.  A r u l e — i t t  — ( m mm li ( R e t  .‘ t hS r t  U , 10) s i ig ~~e st s  t h a t  i i  t he  sum of
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the conceptua l data s t r eams  cut  by the a f f e ren t - t r a n s f o r m  and

e f fer e n t - t ra n s f o r m  lines is at  a minimum, then a “be t te r ” subsequent

s t r u c t u re  c h a r t  can be developed. Note tha t this  sum fo r  the f i r s t -

cut bubble char t  in Fig. 4 is ten. The sum fo r  the in te rmedia te

-j bubble c h a r t  in Fig. ‘~ is eight. If the design process  were  to con-

tinue at this point , the in termedia te bubble char t  would be anal yzed.

11 appropr ia te , the a f f e ren t -t r a n s f o r ru  and efferent - t ransfori -r i  lines

may be moved. For examp le , if the “Pod s ta tus ” data s t ream in

Fig. 9 we’re to be moved to the r ig ht of the e f f e r e n t  “ cut , ” the sum of

cuts  would drop to six.

T r a n s f o r m/ T r a n s a c t i o n  An a l ys is  Techni Que. T rans fo rm

anal y sis was  app lied to the “Per fo rmed  Ta rge t  Operat ions ” task

(node six ) f rom Fig. 3. Note that  this p a r t i c u l a r  task  was shown at

an abs t rac t  level in order  to reduc e comp lexi ty  of the s tate  d iagram.

This task actuall y consisted of many sub - ta s ks . Figure  10 shows the

bubble char t  fo r  this abst rac t  task.  The “level of observation ” for

Fig. 10 w a s  purposefully kept hi gh fo r  this d iscuss ion .  This reduced

superf luous detai l  a t  this point. Note that  the t r a n s f o r m  “Examine

Selection Data ” is actual l y a t ransac t ion  cen te r  as defined by

Constantine (Ref  40:30 1-302). This indicat ion allow s the use of a

support ing s t ra tegy to t r a n s f o r m  ana lys i s  called t r ansac t ion  anal ysis.

Transact ion anal ys is  (Ref  40:30 I -3 .~°) is a technique that  uses

the cha rac t e r i s t i c s  of a t ransac t ion  c-en te r  to map or develop a modu-

lar sof tware  s t ruc tu re  while  pe rmi t t ing  the desi gner  to also use the
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pr inc iples of coup l ing ,  cohesion , sco p e - c - s i - c o n t r o l  and scope-of -

e f fec t .  A t r ansac  (ion cen te r  m u s t  be’ able  tc) ob ta in  the t r a n s a c t i o n ,

determine its type , d i spa tch  on tha t type , and comp lete the p rocess ing

of each t ransac t ion  (Ref  40:303) .  The major  steps of the t r ansac t ion

anal ys is  s t r a t e g y  a r e  (Ref  40:307-308):

1. Identif y the source  of the t ransac t ion .

2. Specif y the appropr ia te  t r a n s a c t i o n - c e n t e r e d  organiza t ion .

3. Identif y the t r a n s a c t i o n s  and the i r  def ining act ions.

4. Note potential  s i tuat ions w h e r e  modules can be combined.

• 5. For each  t ra n sac t ion , or co hes ive  co l lec t ion of t ra n sac t ions ,

specif y a “t r ansac t ion ” module to comp letel y process  it.

6. For each act ion in a t r a n s a c t i o n , specif y an “ act ion ” module

subord ina te  to the app ropr i a t e  t r a n s a c t i o n  module( s) .

7. For each detai led step in an ac t ion  module , spec if y an

appropr ia te  “de ta i l”  module subord ina te  to any  act ion

module that needs it.

The use of t r ansac t ion  anal ys i s  does not neces sa r i l y produce a struc-

ture  wi th  exact l y fou r  l eve ls  of p rocess ing .  Depending on the “prob-

1cm” to be solved , full y f ac to red  t r ansac t i ons  may onl y require a

sing le t r ansac t ion- leve l  module- , or as many  as nine or ten levels

(Ref  40 :308).

Transform anal ysis  w a s  also app l ied  to  the ’ ‘‘I ‘er f o r m n  Search

Function s” t r a n s f o r m  of Fig. 10. This inc reased  unde r st and ing  of

the funct ion .  The resul t ing bubble c h a r t  is shown in Fi g. 11. Note
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Fig. 11. Bubble Chart for “Perform Search Functions ”
(Ref Fig. 10)
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that another t ransact ion  center  existed. Since Fi g. 10 was developed

at a hig her “level of observat ion , ” app licat ion of the t r ansac t ion

anal ysis  technique would have resul ted in a “panca k e ” s t r u c t u r e  char t .

It would have consisted of onl y a t ransac t ion  level ( second level) .

H owever , application of the t ransac t ion  anal ys is  steps to the

bubble char t s  f r o m  Figures  10 and 11 lead to the development of the

part ia l  s t ruc tu re  char t  shown in Fig. 12. The s t r u c t u r e  c h a r t  demon -

strates the resul t of using the t ransact ion anal ys i s  techni que. If the

des ign process were to continue at this point , t r a n s f o r m  anal ysis

would be applied to the “Track”  and “Cue ” t r a n s f o r m s  in Fig. 10.

T ransaction anal ysis would be used where  applicable.

The c ompleted “Per form Search Functions” branch of the

s t ruc ture  char t  shown in Fig. 12 is “c lass ica l”  (Ref  40:304). How-

eve r , there are  no fixed limits on the number  of levels in a s t ructure

chart  developed as a resul t  of usin g the t ransac t ion  ana lysis  tech-

nique. The “detail level ” shown in Fig. 12 resul ted f rom fur ther

analysis of the requirements associated wi th  the bubble char t s  of

Figures 10 and 11. Note that the modules outlined with dashed

rectang les were  placed in their appropriate position in Fig. 12 to

add son-ic perspective, and show their  relationship w ith respect to

the search function previously expanded. The “Calcula te  R a t e  Aiding”

module was  included s inc e it was assoc ia ted  wi th  the cue and t rack

functions. Finally, OFP slan t range data w a s  required for  each

function (1. e. Search , Cue and Track) .  T h e r e f o r e , the s lant  range
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module was placed at the “detail  l eve l”  as shown in Fig. 12. It was

now accessabl e by the other funct ions .  The posi t ion of that module

was significant. Fan- in  was  increased , and perhaps  maximized. In

addition , the module remained highl y co hes ive . If the module was

coded , the increased fan- in  would reduc e coding requirements  (Ref

40:236 , 308).

Comments. At this- point , it would be helpful to remember

several  things . Software design , r ega rd l e s s  of the technique used ,

is generally subjective , and one desi gner ’ s resul ts  may obviousl y

va r y  f rom anothe r des igner ’s resul ts . When using the t r ans fo rm or

transact ion anal ys i s  techn iques discussed in this chapter , a table of

input and output parameters  for each level (e .g .  f i r s t - c u t )  of struc-

ture char t  should be developed. Each s t r u c t u r e  cha r t  should be

ful l y anal yzed.  Several a l te rna te  s t ruc tu res  should be developed , if

appropr ia te , for  comparison. Finall y, a comparat ive analysis of

al ternate  s t ruc tu res  would allow the des igner  to “find , ” w ith confi-

denc e, the “best” s t r u c t u r e  char t  for  a pa r t i cu l a r  level (e. g. the

intermediate s t r u c t u r e  char t  level).

Summary

The initial and revised approaches for  the app lication of

severa l  design methodologies were  discussed. For the initial

- 

- approach , the unsuccessfu l  at tempt to appl y t r a n s f o r m  anal ysis to

the PAVE TACK OFP was discussed. As a resu l t , the app roach
I
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was modified.

In the revised approach , severa l  design techniques were  suc-

cess fu lly  applied to the PAVE TACK mainloop and discussed.  Eac h

use of a technique was demonstrated far  enoug h into the design

process to show the software engineer /cont rac t  monitor “how to get

s ta r ted”  on a design. U s e  of an OFF Par t  1 specification as a basis

for  desi gn allowed the sof tware  e n g i n e e r/ c o n t r a c t  monitor a “place ”

to s tar t .  The design tec hniques allow fur ther  understanding of the

OFP requirements. They also allow verif icat ion of requirements.

Finally,  by using these techn iques , the so f tware  eng ineer/con t rac t

monitor is in a bet ter  position to discuss a part icular  OFP design ,

or make constructive suggestions on an in-process OFF design.

53



T1_~~iI~

V . Compar i son  of Modi f ica t ion  and
I i i e - Cv . - l c  Ef fec t s

introduction

This chapter  d iscusses  two hypothetical  so f tware  modifications

app lied to a pa r t i cu la r  task and module of the PAVE TACK OFP

mainloop. New designs , f r o m  the previous chapter , effected by

these modificat ions are  br ief l y examined and compared to the cur ren t

OFF sof tware .  Finall y,  some short  and long term af fec ts  associ-

ated wi th  OFPs designed by s t ruc tured  desi gn techn iques are dis-

cussed.

IDS image Dero t a t i on  Task  Comparison

Cu r r e n t  Soft -ware.  The IDS Image Dero ta t ion  t a s k  is c u r r e n t l y

implemented as a s ing le module  (Ref o :o l - o 2 ) .  In Chapter  IV this

task  w a s  shown as an IPO scheme. Also , t he tas k was  v iewed a t a

ce r tai n “ l eve l  of ob se rva t ion ” wh ich  p e r mi t t e d  e a s i e r  unders tand ing .

H ow e v e r , since the c u r r e n t  so f tware  equates  this  t a s k  w i t h  that  of a

module , then by de f in i t ion , the “level  of obse rva t ion ” is lower , and

the task  itself wi l l  be examined as a module.

The c u r r e n t  “module ” fo r  image de ro ta t ion  has cer ta in  unde-

s i r ab l e  c h a r a c t e r i st i c s .  Coup ling and cohesion w e r e  ana l yzed by

examining the OFF produc t spec i f ica t ion  (Ref  b :b l - e 2 . Sec N , 8Q-~~0,

Sec XXX , 28~~~20 1) . This sing le module is common coup led due to

its va r ious  reads and s tores  to a shared g loba l data s t r u c t u r e .  It
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has p r o c e d u r a l  cohesion s ince s e v e r a l  f u n c t i o n s  ar e  g rouped  wi th in

the module f o r  a l go r i t h m i c  r e ason s  - Thi s  ~ as im m e d i a t e ly  o b v i OU s

when  the coding fo r  the module  wa s  examined and compared  to the

m odule ’ s f l owcha r t .

R ev i s e d  Des ign .  in Chapter  1V , t r a n s f o r m  ana l y s i s  w a s  used

to develop a modular structure for the IDS image Derota t ion  task .

l’he re su l t i ng  i n t e r mediate  s t r u c t u re  c h a r t  in Fig. 8 d i sp lays  the

characteristic of functionality w i t h i n  the s tr u c t u r e .  The modules a re

n-t inimallv coup led and maximally cohes ive  as a r e su l t  of transform

anal y sis . These  c h a ra c t e r i s t i c s reduc e comp l e x i t y ,  and permi t

eas ie r , f a s t e r  mod i f i ca t ion  of s o f t w a r e  when n e c e s s a r y .

Samp le M o d i f i c a t ion .  The proposed mod i f i ca t ion  is hypo the t i —

cal , an d af fec ts  the c u r r e n t  so f tware  and r e v i s e d  de s ign  in d i f f e r e n t

wa ys.  The modif ica t ion  requi res  tha t the d e r o t a t ion  ang le ’ s co m-

puted rate of change i nc remen t  a l so  be used in the c o m p u t a t ion s  for

derotation of the hand control data . Figure 13 show s a simp li f ied

flow c ha r t  of the c u r r e n t  image der ota t i on  ‘‘ module.  “ Por t i ons  of the

f l o wch a r t  e f fec ted  by th is  modi f ica t ion  ar e  denoted  w ith an a s t e r i sk .

The computat ions  for  the der ota t ion  ang le r a t e  of change  inc rement

a re located at  ( C )  on Fig. 1 3 .  To accomp lish the modi f icat ion , the

hand cont ro l  data computa t ions  at ~:\) mu s t  be p laced immedia te l y

a f t e r  I C) .  Sinc e the f l o w c h a r t  s egment  at  ~13) uses  the conip~ ted hand

cont ro l  data  f r o m  (A ) .  segment  13) mus t  be p laced in-~mediate 1 a f te r

the new location of ~A ) .  The r ev i sed  f l o w c h a r t  is shown ~n Fi g. 14.
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Fig. 14. Modified F lowchar t  f o r  IDS Image Der o tat ion
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After  actual coding of the module, comp lete re tes t ing  of all effected

funct ions  within the module would have to be accomp lished. In addi-

tion , the module ’ s input/output  in terface would have to be reverif ied.

Finally, the time required to accomplish this modification , including

recoding, retesting , implementation, and documentation revision,

would obviousl y add some fixed cost  to the total PAV E TACK software

l ife-cycle costs .

For the revised desi gn (Chapter IV),  the implementation of this

modification would be much easier , and less costly. In Fig. 8 the

“Derive Derotation Hand Control Data ” module (module four )  and the

“Compute Derotation Ang le Rate  of Change Increment”  module

(module f ive)  are located at the second level in the s t ruc ture  - hart.

Presently, module four is invoked prior to module five.  To affect

the required modification, a simple change within the superordinate

module would be made to invoke module five pr ior  to module four .

This change would permit the rate of change increment  data to be

passed to module four which computes the derotated hand control

data. The onl y other change would be to incorporate the rate of

change increment into the hand control data computations. Since this

module would remain data coupled and funct ional l y cohesive, it can

be easily retested , and the input/output  in te r face  quickl y redefined

and verified.  Finall y, since the implementat ion of this modification

is easier and fas ter  in the revised design than with the cu r ren t

“module , ” the resulting costs are  much less. Obviousl y, the impact
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on the total  l i f e - c y c l e  costs is less.

Comment .  A l t h o u g h  th is  h y p o t h e t i c a l  mod i f i c a t i o n  ma y seem

t r iv i a l , the e f f o r t  and resu l t ing  costs of more  comp lex mod if icat ions

will  follow the same trend.  That  is , modif ica t ions  wi l l  genera l l y be

eas ie r , f a s t e r , and cheaper  due to the p rev ious l y d i scussed  imp licit

characteristics n o r m a l l y assoc ia t ed with a software architecture

developed with the use of the structured desi gn methodology.

Slant Range Modification Comparison

Samp le Modification. This mod ification is a lso h ypothetical ,

- and also affects the current software and revised design in different

ways .  The modif ica t ion  requ i res  a change to the al gor i thm used to

der ive  slant  range.  A t  this point , it does not ma t te r  what  the actual

c hange is , but ra the r that  there n-iust be a revision to the algori thm

for  s lant  range.

Cur ren t  Software,  in the c u r r e n t  PAVE TA CK OFP, slant

range is der ived in at leas t  seven d i f f e r e n t  modules, It is not diffi-

cul t  to unders tand  that  the recoding e f f o r t  would take time , and in

fac t , would be somewhat  redundant .  All effec ted modules would have

to be retested , and each inpu t /ou tpu t  in te r face  r eve r i f i ed  against  the

wr i t t en  r equ i rements .  The total cost  assoc ia ted  wi th  recoding,

r e t e st i ng ,  implementa tion and documenta t ion  upda t ing  would be added

to the PAVE TACK total l i f e -cyc le  ‘;osts.

I
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Revised Design. As shown in the par t ia l s t r u c t u r e  cha r t  in

Fig. 12 , there is a single module for slant  r a n g e  c a l c u l a t i o n s ,  it is

access ibl e by any other module r equ i r ing  a slant  range calculat ion.

Af te r  modif y ing this module , retest in g and input/ ou tpu t  in te r face

rever i f ica t ion  would be accomp lished. The module would s t i l l  remain

highl y cohes ive,  it is obvious that the recoding.  r et e s t ing ,  imp lemen-

tation , and documentat ion updating would take less e f f o r t  and time

with  the revised desi gn than in the c u r r e n t  so f tware .  Finall y,  the

modificat ion costs  would  be s ign i f i can t ly  less.

Shor t  Term Ftiect~ ~‘f St r u c t u r e d  Desi gned OFFs

4 Althoug h this stud y inves t i gated s t ruc tu red  design techn iques

app lied to onl y par t  of the PAVE TACK OFP mainloop, cer ta in

character is t ics associated with  this type of s o f t w a r e  design cause

short  term effects  wor th  noting.  Some of the effects  are:

1. Reduced complexity in design allows eas ier  unders tanding

of that design.

2. The goal of iow coup ling between modules and hi gh cohesion

within modules permits  easier and less comp lex coding,

test ing,  and integration.

3. U s e  of the s t r uc tu r ed  desi gn methodology has an overall

effect  on the reduction of total  s y s t e m  desi ’4 n e r rors .

4. Since the sof tware  a r c h i t e c t u r e  of a sys tem would be well

defined , managen-ient can ref ine  their  s o f t w a r e  development

1
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plan as ~vell as r ev ise  deve lopment  cos t  e s t imates.

5. The a f f ec t s  mentioned above would c on t r i b u t e  toward  a

less comp licated design review .

Long Term Effec t s  of S t ructu red  Designed OFPs

In a simila r manner , the same type of c h a r a c t e r i s t i c s associ-

ated with s t ruc tu red  designed sof tware  also cause long t e rm  effects .

Some of the effects  are:

1. A total system is more easi l y mainta inable  and manage-

able.

2. The total sy s t em is more f lexible to changing requ i rements .

3. Less tota l time and e f fo r t  a re  consumed in making revi-

sions to software .

4 . A l.! effects ( shor t  and long te rm)  would c o n t r i b u t e  toward

the reduction of total l ife -cyc le  s y s t e m  costs .

Summary

It was obvious f rom the two hypothet ical  modif ica t ions  tha t the

funct ional l y modula r s t ruc tu re s  produced (Chapter  IV )  by using

s t ructured  design techn iques responded eas i ly  and effect ively  to

chang in g requirements . Modif icat ion s w e r e  discussed for  the IDS

Image Derotation task and the s l an t  range ’  al gor i thm.  Final l y ,  soni c

shor t  and long term af fec t s  assoc ia ted  wi th  OFP s o f tw a r e  designed

by s t ructured design techniques were  discus  sed. C h a r a c t e ri s t i c s  and

benefits of s t ruc tu red  desi gned s o ft wa r e  w e r e  p r e v i o us 1~- di scus ied .
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A generalized OFP fami l i a r i za t i on/des ign  methodology includes some

techn iques which may be used to achieve these c h a r a c t e r i s t i c s and

benefits , and is described in the next chapter.

I
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Vi .  A S o f t w a r e  E ng i n e e r i n g  OFP
Design Methodology

Introduction

This chap te r  desc r ibes  a sugges ted  s o f t w a r e  engineer ing  OFF

design methodology developed for  Ai r  Forc e av ion ics  sof tware

e n g i n e e r s/ c o n tr a c t  monitors .  The need for  such a methodology is

brief l y discussed as well as the objec t ive and goals established to

develop it. The methodology cons is t s  of three  phases:  ( 1)  understand-

ing the flig ht p rogram requi rements ;  ~2) use of a technique for under-

standing fl ight program tasks and task sequenc ing: and (3) use of

struc tured design techniques for flig ht program tasks. Each phase is

discussed.

General

Software engineers  monitoring the development of avionic s

fli g ht software e .g .  operat ional  fli ght prog rams)  often rel y com-

pletely on the sof tware  developers ’ choice of design.  They accept

H the sof tware  end-i tem without  mu c h input to the producer  about

design during pre l iminary design of the sof tware  a rch i tec ture .  A

good sof tware  design requ i res  discussion of design alte rnatives

between the developer and user .  Thi s i n t e r ac t ion  should resul t  in a

mutuall y agreeable  desi gn wh ich  also sa t i s f ies  the p a r t i c u l a r  f l ight

sof tware  wr i t t en  requi rements  definition ( P a r t  I spec i f ica t ion) .  In

order for  the software engineer  to e f f e c t i v e l y p a r t i c i pate in and
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monitor the development  of an OFP , it wou ld be benef ic ia l  to h a v e  a

sof tware  eng ineer ing methodology w h i c h  would pe rmi t  a more eff i -

cient and ef fect ive  evaluat ion of OFP design a l t e r n a t i v e s .  The

methodology could a l so  be used to ver i f y the s o ft w a r e  deve lope r s

in terpre ta t ion  of the w r i t t e n  r equ i rement s  def in i t ion .

Use of this methodolog y by a s o f t w a r e  e n g i n e e r / c o n t r a c t  morn-

tor permi ts  es tab l i shment  of va r i ous  s tages  of f ami l i a r i za t i on .  This

important  e f f e c t  allows two p r i m a r y  uses of the methodology.  F i r s t ,

the user of this methodology can gain a g r e a t e r  u n d e r s t a n d i n g  of the

OFF requirements  definition (d ra f t  Pa r t  I spec i f ica t ion) .  Second , the

user may develop a separa te  OFF design for  f ami l i a r i za t i on .  The

latter not onl y permits  g rea t e r  understanding  of r equ i r emen t s , but

more importantly,  al lows more detailed and thoroug h d i scus s ions

between the so f tware  eng i n e e r / c o n t r a c t  monito r and the s o ft wa r e

producer  about OFF design a l t e r n a t i v e s .

Requirements  for  Methodology Development

To help develop a useful  and meaning ful methodology ,  a n objec-

tive and accompany ing goals w e r e  established . The objec t ive  was to

develop an OF’P design methodology or approach  w h i c h  would a s s i s t

or aid sof tware  eng i n e e r s / c o n t r a c t  monitors ~the methodology u se r

in this case)  ~.a the init ial  u n der s t a n d i n g  a n d / o r  des ign  of OFP s o f t -

ware  f r o m  a d r a f t  P a r t  I spec i f ica t ion .  It was  des i r ab le  to include

the f i n i t e - s t a t e  t e chn ique  and the techniques  of s t r u c t u r e d  des ign  as
I- 
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demonstrated in Chapter IV.

A reachable  set of goals w e r e  developed.  The goals w e r e :

1. The approach should aid the user  f r o m  a p rac t i ca l  point of

view if it is to be useful .

2. It should be simple enoug h to allow a f r e e - f l o w  development

of ideas for  the desi gn , yet  comprehensiv e enoug h to be

useful .

3. It should be understandable in order to faci l i tate  ease of use

and maximize informat ion t r a n s f e r  to the user.

4. It should be flexible in order  to permit  use on d i f feren t  OFP

requirement  definitions.

5. it should allow hardware  independence during design.

Design Methodology

The design methodology may be app lied in three phases. PhaBe

one consis ts of understanding the problem to be solved. Phase two

suggests  the steps to be taken for  app lication of the f in i t e - s ta te  tech-

nique to OFP tasks . Finally,  phase three will comp lete the prelimi-

nary design by application of the s t ruc tured  design techn iques. The

sof tware  engineer /cont rac t  monito r may stop at the end of any phase.

Use  of each successive phase lowers the “level of observation ”

applied to the “problem ” and increases  unders tanding of the overall

OFP design.

I
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Phase I. In phase one , there  a re  ce r t a in , and probabl y obvious ,

steps that  can be taken by the user  to u n d e r s t a n d  the ‘ problem ” to be

solved. In this case the problem is to unders tand  the requirements

for the development of a viable OFF design.  A top-down approach is

suggested for  unders tanding those requirements.

The understanding “pr ocess ” is star ted by achieving a thoroug h

understanding of the sof tware sys tem specification.  Mission and

technical requirements  of the OFF are  explained in the specification

as well as functional a reas , programming language  requirements,

desi gn standards , and so for th.  The sys tem speci f ica t ion  establishes

the initial funct ional  baseline for  the sys tem (Ref  2 : 15) .  To fur the r

decompose the problem and increase  understanding, the next sug-

gested step in phase one is to obtain the wr i t ten  requirements  defin i-

tion.

It will be neces sa ry  to gain a detailed unders t and ing of the

wri t ten requirements  definition. The dra f t  Pa r t  I sof t-ware  specifi-

cation contains the partic ular wri t ten  requi rements  for  the design ,

development , functional  per formance, tes t  and qualific a tion of the

OFF (Ref  2:15). The draf t  Pa r t  I specification will  be used as the

“basis for design ” in the remaining phases of this design methodology.

Finally, famil iarizat ion with  any wr i t t en  assumpt ions  and limi-.

tations associated with the OFP is suggested. They may be required

or useful  during the design process.  The assumptions  and limita-

tions car ~ usuall y be obtained f rom either the sys tem or draf t  Par t  I I -
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specification , or both. Implementa t ion  and h a r d w a r e  information is

“nic e to know , ” but inc lusion of such i n fo rma t ion  dur ing  the prelimi-

nary  desi gn should be avoided. This type of informat ion will  be useful

later  dur ing  the detailed design ~e.g.  algor i thm imp lementat ion , tim-

ing, e t c .) .  The p re l imina ry  design process  should remain f ree  of

biases or limitations s inc e the resul t ing  OFP design may be unduly

affected . Li deeper unders tanding of the OFP is desired , or the soft-

ware  e n g i n e e r / c o n t r a c t  monitor must develop a hig h- level  (“ level  of

observat ion ”) OFF design , the initial steps a re  sugges ted  in phase

two.

Phase U. In phase two a basic sequence of steps are  suggested

for  the application, where  applicable , of the f i n i t e - s t a t e  technique as

discussed in Chapter IV. in Chapter IV a pa r t i cu la r  OFP niainloop

contained tasks represented as an IFO scheme for  a par t icu lar  “level

of observation. ” Typicall y, the LPO relat ionship will hold for  OFP

mainloop tasks as well as some tasks ~e. g. b u i l t - i n - t e s t i n g )  found in

OFF executives. Therefore , the sof tware  eng inee r / con t r ac t  monitor

can use the suggested steps in this phase for  a “ f i r s t  in terpre ta t ion”

of the requirements  definition and prel iminary design.

The f in i t e - s ta te  technique is app lied to the OFP major  tasks in

the same manner as discussed in Chapter IV. In addition the soft-

wa re  eng in ee r / coat r ac t  monitor should wr i t e  a br ief  descr iption of

each major task in the OFF. Each task d e s c r i ption should represent

an individual rewri t ten  in terpre ta t ion  of the requ i rements  f rom the
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dra f t  Par t  1 spec if ica t ion . It is impor t an t  at  this point in time that

the de s igne r ’s in t e r pr e ta t ion of task requirements and the task state

diagram be committed to paper. In addition to the notation described

in Chapter IV for  use wi th  this technique , pa r t  of A ppendix D contains

some addit ional  t ask  descr ipt ion notat ion which  may  be helpful .

Abs t rac t ion  can be used where  appropr ia te  to simp lif y the state dia-

g ram.  Abs t r ac t ion  wa s  demonst ra ted  in Chapter IV ~i. e. ‘Perform

Targe t  Operations ”).

The written interpretations of tasks and the validity of the state

d iagram should be ver i f ied  agains t  the requi rements  defini t ion i. e.

draf t Pa r t  I spec i f ica t ion)  for  any mi s in te rpre ta t ions .  Where  appro-

priate , the sys tem specification may be used. However , the draf t

Par t  i specification should contain all informa tion necessa ry  for

design. if it ,doesn ’t , it may be incon cise , incomplete or ambiguous.

Appropriate corrective action(s) should be taken to c o r r e c t  the d raf t

Pa r t  I specif icat ion if this problem exists.

A viable task state d iagram and accompany ing task desc rip-

tions may need revision ~e. g. an e r ro r  exists in the d iagram) .

Correct  or modif y the task state d iagram as necessa ry .  Clar i fy

wri t ten task descr iptions where  appropriate .  When these steps are

completed , the user is read y to proceed to the final  steps in this

pha s e.

At this point , if time permits , it is wor thwhi le  to initia te a

“reader cycle . ” The wr i t t en  OFF design in te rp re ta t ion  can be given
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to another knowledgeable person for  a critique . The reader should

~also) use the draf t  OFP Part I specification to verify the software

enginee r / con t rac t  monitor ’s design interpretation. Comments should

be written by the reader , and no form of communication should take

place between the two people concerned before or during the critique

process.

At the comp letion of the reader ’s critique, existing discrep-

ancies should be discussed with the reader. The software engineer!

contract monitor should correct  or modif y any valid discrepancies

noted. When these steps are complete , two products of this phase

should exist: a final task state diagram and clear , concise, unam-

biguous written task descriptions.

Phase two is now complete. The designer may s top at this

poin t or proceed to phase three. Thi s decision can depend on many

factors.  How ever , the two most important factors are the depth of

understanding needed and the level of familiarization desired. Com-

pletion of phase three in this methodology should result in a total

understanding of the OFF preliminary design requirements. The

software engineer/contract  monitor should in fac t end up with a

viable OFF preliminary design. However , a prime objective at the

completion of phase three would be a discussion of OFP design

alternatives or sugge stions about an “in-process ” design with the

software producer.

I
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Phase 111. In thi s phase , the s t r u c t u r e d  desi gn methodolog y is

applied to individual  OFP tasks  ( s t a t e  d i a g r a m  n odes) .  The struc-

tured design methodology can be used as d iscussed in Chapte r IV .

The t r a n s f o r m  anal ysis  techn ique is applied to each “defined ” task.

Either the Constant ine or Hug hes vers ion of  th is  techni que may be

used by the sof twar e  eng inee r / con t r ac t  moni tor .  11 t ransact ion

centers are  revealed , the t r ansac t ion  anal ys i s  techn ique is used.

This techn ique was also d iscussed in Chapter IV. The s t ruc tu red

design process continues until  the f inal  task s t r u c t u r e  cha r t s  a re

completed , including their  s upport ing informa tion.

At  the completion of phase three  the so ftwa re  e n g i n e e r / c o n t r a c t

monitor should have a detailed unders tand ing  of the OI~P require-

ments plus a final documentat ion package to suppor t  that  understand-

ing. The informat ion contained in the f inal  documentat ion package is

easi ly t ransfe rab le  to anothe r person. It should include:

I. If applicable , a task s tat e  d i a g r a m  ( f r o m  phase two) and

concise wr i t t en  descr iptions for  each task shown on the

diagram.

Final bubble cha r t s  which  directl y r e f l ec t  the requi rements

detj n i t ion  for  each defined task.

4 . A i m.iJ , f u 1 1~ annota ted  s t r u c t u r e  c h a r t  fo r  each t a s k  which

r -
~~- r r . s e l I t

~~ 
the F u er ar ch i c a l  s o f t w a r e  s t r u c t u r e  developed

- 
~~~~~ i a t i ~d t iz i . i l  bubb le char t .

- -~
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4. A w r i t t e n  func t iona l  desc r i ption of each  modu) e of each

f ina l  t ask  s truc ture char t.

5 . A f i t i ~~t module  input and outpu t  pa ramete r  table for  each

final  task s t ruc tu re  char t .

e. A final , ful l  anal ysis  of module coup ling,  cohesion , scope-

of -e f fec t  and scope-of -con t ro l  for  ea c h  final task s t r u c t u r e

chart .

Obviousl y,  the sof tware  eng inee r / con t r ac t  monitor  can use the final

ta~ k s ta te  d iagram and final task s t r uc tu r e  cha r t s  together  for an

overal l  system repres entation and viewpoint. The f inal  documenta-

tion package can now be used for  technical  and management  in-house

discussions and briefings as well as backup informat ion for  technical

discussions of desi gn a l ternat ives  with a sof tware  producer.

Limitation

Use  of the f in i te - s ta te  techn ique in this methodology was

limited to non-concurrent  processes .  The technique was  discussed

in Chapter IV and successfu l l y app lied to the PAV E TACK OFF main-

loop. The mainloop processing was sequent ia l .  Concurrent

processes are beyond the scope of this study.

F Summary

This chapter presented a descr i ption of a sugge s ted  software

engineerin g methodology developed to hel p so f tware  engineers /con-

t ract  moni tors  evaluate OFF design a l t e rna t ives  more  e f f i c i en t l y and
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effec tivel y.  The genera l  need for  suc h a me thodo logy  was  br ief l y

disc ussed as well as the objec t ive  and goa l s e s t a b li shed to deve l op

this  m e t h o d o l o gy .  The des ign  methodo logy  or gu ide l ine  consisted of

th ree  phases  a nd eac h phase was  desc r ibed .  U s e  of thi s methodology

also permi ts  the so f twa re  eng i n e e r / c o n t r a c t  monitor  to ver if y the

OFP sof tware  developers  in t e rp re t a t ion  of the w r i t t e n  requi rements

definition.

1 -
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Vii .  R e s u l t s ,  C on c l u s i o n s .  and Reconmu’n dat ions

Int roduc t ion

This  c hap t e r  hig hl ig hts the  r e s u l t s  and c o n c l u s i o n s of t h i s  s tud y .

Ob 3ect i v e s  f o r  this  i nves t ig at ion  w e r e  met. Re c o m m e n d a t i o n s  a re

made f o r  f u t u r e  av i o n i c  s e f fo r t s .

Results

A modified f i n i t e - s t a t e  technique was  s u c c e s s f u l l y app lied to the

PA\ ’ E TACK OI’P mainioop. A s t a t e  d i ag r a m  was  developed . Each

node of the s ta te  d i a g r a m  represent ed  an OFP main loop  t a sk .  The

d i a g r a m  disp lay ed  p roper  sequencing of the niainloop tasks .  This

technique was l imited to n o n — c o n c u r r e n t  p rocesses .  The task  s ta te

dia g ram d i re ct l y ref lec ted the nhiinloop con t ro l  s t r u c t u r e .

The t r a n s f o r m  ana l y si s  and t r an sa ct i o n  anal ys i s  tec hniques

w e r e  s u c ce s s f u l l y app lied to sepa ra te  OFP mainloop t a s k s ,  initiall y

tr an s  fo m i  anal y s i s  did not w o r k  when app lied to the ent i re  rnainloop

s m et’ eac h sepa ra t e  t a s k  f~mct ion ed  as an i n p u t— p r o c e s s  —out put

scheme. Data w e re  not  passed d i re c t ly  between t a s k s .  Therefore ,
F -j

a t tempts  to c r e a t e  a mainloop bubble c h a r t  p roduced  inva l id  resul ts .

h o w e v e r  a f t e r  r e v is i n g  the a pproac h , s e p a rat e  task  bubble cha r t s  and

st r u c t u r e  cha rts w e r e  s u c ce ss f u l l y developed and an a ly z e d .  Coupling,

cohes ton , scope —of — c f le ct  and s c o p e — o f -  c o n t r o l  w e r e  examined.

During an app licat ion of t r a n s f o rm  an a l~ - s i s  , t r a n s a c t i o n  anal ys i s  was
I

7~’

~

—

~

- ~~~~~~
• -

‘

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~
---

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

- _ _ _



I

app lied when t r ansac t ion  cen t e r s  w e r e  d i s c o v e r e d .  A s t r u c t u r e  c h a r t

was  deve loped and anal yzed.

Two hypo the t i ca l  mod i f i ca t ions  w e r e  made to ce r t a in  par t s  of

the redesigned OFP . The modif ica t ions  w e r e  eas i l y made and con-

sunied l i t t le  time. Modif icat ion costs were  r edu~ ed w i t h  s t r u c t u r e d

design so f tware  when compared to the cur ren t  PAVE TACK OFF sof t -

ware.

A general ized OFF f a m i l i ar i z a t i o n  and desi gn methodology was

proposed . It prov id es  guidance  for  usin g the f in i t e - s t a t e  and struc-

tu red desi gn techni ques.  A sof tware  e n g i n e e r/ c o n t r a c t  monitor

par t ic ipating in or moni tor ing the design and development  of an OFF

can use a d ra f t  P a r t  I specif icat ion and these techni ques to gain an

unders tanding of design r equ i remen t s .  The soft-ware producers

in te rpre ta t ion  of an OFF’ s requi rements  can also be ve r i f i ed  at the

pre l iminary  design review (PDR).

-t Conclusion s

The bubble c h a r t  used in the t r a n s f o r m  ana l y s is  tec hni qu e is a

g rap hical represen ta t ion  of the r equ i r emen t s  de f in i t i on .  I t  helps the

user  of the technique to unders tand  the r equ i r emen t s .  In addition , it

can be used to ver i f y the requi rem ents  of the ( d r a f t )  P a r t  I sof tware

specification.  inconcise w r it t e n  descr i ptions of OFI~ t a s k s  and incon-

s ist ent  te rminology used to descr ibe  d i f f e r e n t  t asks  a re  readil y

discovered . Areas  of superf ic ia l  or e x t r e m e l y  detai led OFF
I
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information are  easil y detected with  the use of a bubble chart .

The OFF requirements  definition in a P a rt  I spec ification must

be complete , concise and unambiguous. Requirements  wr i t t en  in

t “natura l”  Eng lish satisf y familiarization needs , but not OFP design

needs. The OFF requirements shoul d not be so loosel y wr i t t en  that

the sof tware  producer ’ s “experience ” will be expected to provide the

missing information. MIL-STD-483 and MIL-STD-490 (Ref 3:Sec U ,

2 8-32) are reasonable guidelines for development of a Par t  I specif i-

cation , but specific methodolog ies should be specified to the software

producer for  requirements  analysis  and design. This will help ensure

complete , concise and unambiguous so f tware  specifications, and a

“better ” OFF design.

Due to the scope of thi s s tud y, a partial conclusion was drawn

about the techniques used in thi s stud y applied to an OFF executive.

No attempt w a s  made to show conclus ivel y that the f in i te-s ta te  tech-

nique could be app lied to develop a tota l OFF executive. Also, the

structured design techniques were not app lied to OFF executive tasks.

Concurrent  processes were  not considered in this stud y. However ,

based on the successful  results of app lying these techn iques to an

OFF mainloop not involving concurren t processes , these techniques

can be applied in the same manner to an OFF executive of the same

class (non-concurrent )  of processes.

Use of the OFF famil iar izat ion and desi gn methodology sug-

gested in this report should permi t earl y interaction with  the software
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producer concerning OFF design a l t e rna t ives .  In choosing the proper

alternative, considerat ion should also be given to the sof tware  mainte-

nance aspect due to the chan g ing requirements  normall y associated

with OFPs. Use of this methodology by the so f tware  e n g i n e e r / c o n -

trac t monitor will obviousl y depend on personal  time available and

the project schedule. The availability of a draf t  P a r t  I specif icat ion

prior to PDR will also affect  “how much” of the methodology can be

used on a par t icula r OFP.

Recommendations

Requirement anal ysis  and design methodolog ies or techniques

should be specified in the statement of work  wr i t t en  by the so ft ware

eng ineer /con t rac t  monitor. The goal is to obtain a complete , co n-

cise and unambiguous requirements  definit ion and the “best”  OFF

design. Requi rements  anal ys i s /def in i t ion  methods such as Struc-

tured Anal ysis ( R e f  30; 3 1 ;  32; 33), Problem Sta tement  Language!

Problem Statement Analyzer  (PSL./PSA) (Ref  35) or SREM ¼ R e f  9)

are suggested . Structured Design (Ref  20; 21; 40) or Composite

Design (Ref  2 6) a r e  suggested for pre l iminary OFP design in addit ion

to the Fini te-s tate  technique discussed in this repor t .  If S t r u c t u re d

Anal ysis is used for  r equirements  analysis , a method exists that

permits an easy transit ion to the s t ruc tured design techn iques (Ref

2 3 :7 1-Q3) .  Finally ,  any deviat ions in the basic  OFP desi gn tha t

changes the t a sk  desi gn ( s t r u c t u r e  ch a r t s ’~ to f a c i l i t a t e  OFF

- t  78 
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implementation should be descr ibed by the software producer in the

Par t  II specification.

The requirements analysis and design methods previously sug-

gested obviously will not solve all the requi rements  and design

engineering problems. However , use of these methods will signifi-

cantl y reduce the problems. Better  OFF designs will be the result.

The required effort  and time will be less for  OFP modifications to

meet changing requirements, and thus , total software l i fe-cycle  costs

will be reduced.

I
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Appendix A

Brief  Discuss ion  of Op era t ional  Fl ight  P r o g r a m  Concepts

Avionic so f tware  can be categorized as e i ther  mission or sup-

port  sof tware .  Mission sof tware  executes  within a f l igh t  computer

ton-board computer)  and performs miss ion-re la ted funct ions .  A

frequent l y used analogous term is “embedded” sof tware .  Support

so ftware  aids in the design and production of avionic sys tems (Ref

37:998) . 
-

Mission sof tware  can be fu r the r  divided into two sub-categor ies .

The f i r s t  is rea l - t ime  functions , which are  pe rformed with an OFF ,

and the second is sys tem testing which is performed with an opera-

• 
- tional test  program (Ref  37:999) .

The OFP c ontains funct ions  which are executed in a flight com-

puter in real- t ime ~or near  r ea l - t ime) ,  and p e r f o r m  the pr imary

aircraf t mission functions such as executiv e control , navi gation ,

guidance , target ing and disp lay processing (Ref  37:9°9~ . A c ombina-

tion of these functions is not normally found in ADP sof tware .  Also ,

the OFP is often used to close avionic control loops. These may

rang e f r o m  relatively slow control , such as range  update of navi ga-

tion parameters, to rap id control  in a c r i t ica l  a i r c r a f t / m i s s i l e

control  loop func tion which must  be completed in a few milliseconds.

The requirement may exist for  disp la’ ing all per t inent  information
I
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-• f o r  a i rc rew evaluation and react ion in r ea l - t ime  w h e r e  a ir c r ew safet y

is directl y involved , and as a resu l t , the so f tware  becomes consider-

ably mere integrated and complex. The OFF can also be used to per-

form continuous checking of specified ha rdware  pa rame te r s .  Finally,

the requirement  may exist  for absolute so f tware  p rogram correctness

so that , conceivabl y, the OFP might be used to control  the release of

a nuclear weapon. It is easy to see tha t funct ional  requirements  are

quite different f rom normal ADP (Ref 10:476).

Inputs to an OFF generally or iginate  f rom sensors  via analog-to -.

digital conver ters , and control actions a re  automatical ly taken without

a stored record of the input which caused them (some app lications

require a stored “snap-shot” of cer ta in sys tem or program parameters

on a fli ght recorder) .  This type of c losed- loop operation can depend

upon a variety of hardware devices , each one having many fa i lure

modes not necessar i ly predictable . Therefore , r e c o v e r y  and real-

time control requirements exist , and the sof tware  must  continue to

operate in a reliable manner regardless  of any ha rdware  problems

that may occur (Ref 10:476).
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Appendix B

Bubble Chart Symbol Descriptions

The follow ing symbols are used in this report and are

described as follow s (Ref 40:54-62 , 565-566):

Symbol Description

Name The circle represents a transform of data from one
form to another. “Name ” identifies the transform
process and is a verb or verb phrase.

Name The labeled arrow represents a data stream either
entering an initial transform, leaving a final tran s-
form , or connecting one transform to another.
“Name ” identifies the data stream and is a noun or
a noun phrase.

* The asterisk represents the conjunction operator
which is used to denote the “AND” function of data
streams.

• The r ing-sum symbol represents the disjunction
operator which is used to denote the “EXCLUSIVE-
OR” function of data streams.

Example:

c APLUSC

B Compute ,
A * 

Sum 
APLUSB

I
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Appendix C

Struc ture  Char t  Symbol Descriptions

The following symbols are used in this report and are  described

as follows (Ref  40:547-552 , 589-699):

Symbol Description

Name 1 A simple rectangle represents a module. “Name ”
is the module name and is a verb. A descriptive
ve r b phrase  may be used in p lace of a single name.

• An arrow with a dot on its tail denotes control
information.

0— • An a r row with a small circle on its tail denotes
data .

A diamond denotes a conditional decision embedded
in a module.

X A plain labeled ar row represents  the super-ordinate-
subordinate re ference  to a module. “X” may be used
to represent  the Arabic number identifier of the
subordinate module.

1
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Example:

(Struc ture Chart)

rOBTAINX I

I INPUTXJ [CKXMAGNI TUDE 
] [,

~ 
SCALEXJ

(Table)

Pa ranieters

Module Input Output

I -- - XVALVE

6 - --  XVALUE (RAW )

7 XVALUE (RAW ) OKFLAG

8 XVALUE (RAW) XVALUE (SCALED)



A ppendix I)

Symbol s  and N ot at ion  t t ~r U s e  wi th
1”inite ’ -State Technique

The tol lo~vin g symbols  and notat ion may be used to extend the

f i n i t e— st a t e  t echnique tdiscu sse ’d in Chapters  IV and VI) :

Symbol or
Notation Description

X The c i r c l e  r ep re sen t s  a node or t a s k  on the task
PROCESS st ate  diag r ant .  ‘‘X ‘‘ is an A ra bic number  which

deno tes  the node identi l  icr .  ‘‘I ~ROCESS’’ is a v e r b
o r v e r b  ph ra se  that  i den t i f i e s  the t ask  process .
This task  is preemptable .

Same desc ri ption as above except that  the doubl e
c i r c l e  r ep resen t s  a n on-pree tup tab le  task.

PROCES

NAME ~~ This d i rected line or arc  r epresen ts  a t r a n s f e r  of
con t ro l  f r o m  one ta sk  to ano the r .  ‘‘NAME ’’ identi-
t ies  the c ondition of t r ans fe r .

N A M E /Z  This dashed line or  ar c  a lso  r ep resen t s  a t r ans fe r  
01 control  I r om ~ ne t a s k  to anothe r , but in addition ,
cont ro l  in format ion  n iav be passed to the next task.
‘‘~ Y’  represen t s  the eont  io~ in format ion  kde~ tifier .

Ti(I . P . 0, t) A 4— tup le may b~ used to identif y ce r t a i n  informa-
tion to lie associated w i t h  or  contained in a wri t ten
desc r ip t ion  of t a s k  number  i. ‘‘ 1’’ and ‘‘0’’ are
ident i f ie rs , each of wh ich  repres ent s a set of
nunibe r s . Each  set c ontains A rabic numbers  that
identif y the major  input and output  data associated
wi th  task  i af te r t a sk  i is in i t ia ted and before  it
t e rmina tes .  ‘‘1’’’ is an iden t i f i e r  which  represents
the w r i t t en  de sc r ip t i o n  of the  t a sk  i process.  ‘‘t’’
is the time al lowed ~in some cons’ enient  time unit)
for  comp letion of t a sk  i pr oces s ing . The 4 —  tuple S
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notation for  each task can be annotated onto the
task  s ta te  d iagram.  Son~ie convenient  method may
be used to associate the 4 - tup le notation with the
task or node representing the task ~e.g.  a
“squigg le ar row , 

~~~~~~~~~~~~~ 
Note that  a 5-Lup le , Ti

tI , P , 0, t -min , t - rnax) ,  could be used for task i
if a minimum and maximum time for task comple-
tion are  applicable .

S
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