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ABSTILACT

CornnurLicat ions s lJstens haue uidely Dar. l j ing equ! i ; , ;711,
Lrai f ic  i is t r tbut ions,  erpor charactcr ist ics,  ant i
neasures of performance. To ctcconmodnte these
character ist tcs,  a s inulator for  the protoeols ccrL-
t to l l ing the t ransmission and recept ion of  nesso"ges
must be nodular and f lexible;  i t  must also al loa

fox the handl.irLg of cancurrent pyocesses and the
eff ic ient  gene:rat 'Lon of  reports and staL'Lst ics.
)ne DalJ ta corlstruct such a simuLator is to use
techniques deriued fron scftutat:e engtneert,ng: design
pi.Loit to codl:ng, design reuiea, nodulal. design
based on infotmation hrding, use af o,l>stract types,
code reuiqn by peers,  co-operat l :ng sequent ia l
proceases, aru1 pseudo-code speci f ieat ions.  In the
deuelopnent of  a s i .mulator pj togra.nt  for  seueral  pro-
tocoLs, autside design reDieD, the tnfornat ion-
hiding principle, the tse of abstract types ut th a
Language thctL suppot,ts them (SIMULA), and Lhe use
of co-operat ing sequentLal  ptocesses aere the most
product iue methods,
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I \TRODLICl ' IO\

SiniLr l  at ion is an i r )pol tant  tool  for  studyir . rg the
pcr- fornancc of  cornyr lcx systens. Recent ly,  there has
been signi f icant progrcss3'6 '12'2t '  i t  the appl ica-
t jon of  stat ist ical  techniques to the analysis of
s imLrlat ion rcsul ts.  l 'ech:t iqucs for bui ld lng s imula-
t ion programs havc reccived less at tent iot l ,  cxcel t
in thc sense that sof tware errgincer ing methods are
intcndcd to apply to the construct io l l  of  programs
in general .  This papcr reports on the use of  ccr-
t : r i l r  sof t r i r re cnginecr ing tcchniques in bui lc l  ing a
sinrulator for  satel l i te communicat ion protocols.

Simulat ion provides a good test  case for sof t lare
cnpineor inp methods because simulat ions of ten re-
tpr i rc (1) concurrent processes, (2) model ing a con-

l ) lcx systen through abstract ion,  (5)  val ldat inq a

IroFrJnr aga i  nst  r rgue rcqui  rements.  t  I  J modi fy i  ng a
program to model al ternat ive systems or conf igura-
t ions,  and (5) ef f ic ient  use of  computer t ime and
storage to al Iow enough repl icat j .ons of  exper iments
t , r  nrovi , lc  st i t is t ic , l lv  rneaninofrr l  |esrr l ts.  ln
this project ,  we appl ied the fol lorv ing software
nrroi  neer i  r r '  te i 'hni  o i leS :

(1) Complete dcsign pr ior  to coding20

(?) Design review by knowledgeable outsi .dersB

{ .3}  The informat ion-h. i  J i  ng pr i  nc ip le-  1

(41 Abstract  types I  8 '2 3

(5) Cocle reading by other than the coder pr ior  to
test ingl

Fl

\c ri,) ) ab s tr,ac t t:J f.) e s, c annunt c a.t Lt ns, c o rnp ut e r -
rLetuor"k nodels,  e lectr iaal  engineer inc,
i nf c rma tl on hi di nE, L o.rtguo.g e,s, rni. i. it ct g
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(61 Co-o;relat i .ng sccluctr t ia l  processesS

t-)  Usc ol '  fseudo-codc. l

, \11 these tethnlqLres h,ere helpful ,  a l though sourc
pro|cd of  greater benef i t  than othet 's.

DESIi ]NIN(; ' I I IE SI} l I ILATOR

The f i rst  -step in thc design h 'as to surve) 'and docu-
rnent the |eclui lements fo1.  the s inulat ion and the
enVironment.  The general  goaJ. t {as to erraluate the
pe1' formance of  a l ternat jve channel  nanagentent algor i -
thnrs (protocols)  for  broadcast satel l i te Ui lF channels
Thus the simulator hacl  to nrodel  accr-rratel) ' th is type
of channel  and a1loir 'd i t ferent conmr:nicat ions proto-
cols to be teste. l ,

\ (c f i rst  determined thc l ) r i l ) la ly factors that  woulr l
r rFiect  t l re 1,sp1'er 'mirnCe of  l r rotocols in the col tnr t t t i .u-
t iors s!stcr . ls .  i te r lso Jerclopct l  sL'conLlxrY rcquire-
n)ents thai  l ioulr l  a l lor i  nrodel ing of  nrore general  s) 's-
tems (e.9. ,  point- to-point  netuorks or nct ivorks in-
c lucl ing voice I inks.) .  Thc pr imar) '  l is t  of  recluire-
nrent i  \ iJS rr lnJ] torv,  thc sccorrdary desirablc te.( tcn-
sions of  the in i t ia l  s int l lator were to al low their
inclusior.r  i f  possiblel  .  l le provi  ded br ' ief  descr ip-
t iorrs of  three 1rre16qols as eran4r les of  the opera-
t ions that the s inrrLator r^ iould ha," 'e to not ie l  .

AI ter  ident i f ' f  ing t ) re rccluirements,  we proposed a
design. Since the charactel ist ics of  the t raf f ic  or . r
the c l . rannel  (arr ival  Tates,  sources, dest inat ions,
pl ior i t ies,  rn. l  nessJge Iengths) coulc l  r r r ' )  Jre;r t iy ,
t l te design had to pror, ide a f lexible h,a):  to speci fv
them. A goal  for  the design rr 'as that  changes in
traf f ic  character ist ics should require only param-
eter chJnges in the s inulator,  not  coding changes.
r \e o\nccted codin" ch. ,n ' , .s to hc necesc.rrv for  test-
ing di f fe lent  f r -otoco1s, but we wanted the changes
to be l imi ted to the plotocol  module.  l te expected
rL-r  ^L.- , , i  n, ,  rL6 -^.Sulel l tentS to be reCOrded wOr:Id
requi  re changes in coJe, but orrr  gor l  was to r , in i rn ize
ar ld local ize these changes for each var iable.  The
code that generates reports shoulc l  n,r t  be af fected
by changes in the var iables actual ly rneasured.

l le speci f ied the j .n i t ia l  design informal l l 'as a set
of  funct ions groured into rnodules based on the
pr inciple of  rnfornat ion hiding. l l  Each nodule

^. .  re<icn Jecis ions an, l  "h ides"I IUTJLSJ

those decis ions f rom the other modules.  I f  a design
Jecis ion is chaugeJ, t l re change af fects only a s in-
gIe module.  ' fhe "secrets" of  a part ic l r lar  module
are the design decis ions i . t  h iJes.  The design also
def ined a structure for  processes to model the
act iv i t ies of  a renl  comnrunicat ions systern:  Dessage
, ranorat ion t r rn<mi cc ion and recer) t  in l  l ie Jef ineJ

our processes as sequenLial  I l  predi  ctable act  i  v i t  ies i
act ions that could occur s iDul taneousl)  in the t 'ea1
world (e.g. ,  creat ion of  one message ancl  t lansrnis-
s ion of  another)  were modeled by separate processes.
The t lesign included pseuclo-code (an ad hoc pl .oglam-
nr ing- language shorthand) for  example processes;
this code consisted of  funct lon invocat ions ernbedded
i : r  ALCOL-l ike control  st ] .uctures.

The design doclrnent also included a table l is t ing
s) 'stem character istrcs l ikely to be char)ged 1n
expcl i rnents (suclr  as t raf f ic  d istr ibut ions,  cornruni-
cat ions equipment,  stat ist ics col lccted, ant l  chan-
nel  crror charactel ist ics),  cross referenced with
the proposed nrodules,  At  the intersect ion of  each

nodule (rowJ and exper inental  var iable (co1umnJ, rve
indicated rvhether a c l -Lange in the var iable would
reqlr i re no change, a paraneter changc, or a coding
change in the corresponding mot iu le.  This table
provided a convenient wa) '  to check how wel l  our
rnodular i :at ion fo l lowed the inf lormat ion-hiding
pr inciple.

A tc.chnical  rnemorandunr l0 descr ib ing thc s) 'sten re-
qLr i  rcments anLl  the f roposer l  design wls c i rculateJ
to three interested obser ' \ 'ers for  a thcrough review.
treepi .ng the c locuments to! lether al lowed reviewers to
jLrc lge the . lesign $Jj th fesIect  to the r-equir-el l )err ts.
l {e incorporated the resul ts of  these rel . ie l r 's  into
a reviscd design InemoranclLrm that served as thc
b:rs ic docunent guiding t i rc i rnplenrentat ion.  The
di f ferences between the in l t ia l  and f inal  c lesigns
der ived pr incipal ly f ron a sharpening of  t \e con-
cepts of  process, funct ion,  and nodule.  Thc rer" ised
docrunent includeci  def in i t ions of  these terrns ancl
oi l i t ted one synchronizat ion process that had been
prcsenl  in the in i t ia l  design. This process was
founcl  not  to lepresent a real-wor1d act i .v i ty.

The f i r ia l  desi .gn consisted of  two ma, ior  parts:
(1J the Lrser interface :rnd simuLator cont}o1, which
contfolJ.ed a given sinlu-Lat ion run, providing check-
point ing artc l  restart ing faci l i t ies,  |arrmel-er
input/output,  report  generdt ion,  i r r . id in i  t ix l izat ion,
and (21 the conunr,rnicat ions system simulator,  which
actual ly '  s imulated the systern.

The coninrunicat ions systen sinulator included trvo
types of  p l^ocesses: nessage generat ion processes
( l16Ps) and ch: innel  acccss processes (CAt 's) .  Eacir
node in a broedcast cornnunicat ions network would
have one 01'  nore i \ lcPs to generate t raf f ic  according
to speci f ied dlstr i -but ions for  message lengths,
arr iv:r l  rates,  etc. ,  ancl  onc CAP to t ransmit  nres-
sages acuoss the channel .  (Later versions spl i t
each cAP i l ) to tho separstc l ) focesscs, otre for
t r insrni t t ing messades and the other for  leceiv ing
messages.)  These processes rvould invoke the func-
t ions contained in the fo l1ol{ ing f ive modules:

(1) i t lessrtge gener. t t ion.  l 'h is moduLe hides such de-
tai ls as the probabi l i ty  d istr ibut ions in use
fnr  . lptornr in ino mp<<aop i r lArarr i \ / t l  t i. ' . - .  - . f le '
nessage lengths,  etc.  I t  pro\ ides funct ions to
generate a new nessage and to generate the t ime
ha f  

' . 'a.n

12) Message stovage. Tl i is  module hides the queues
of messages await ing t ransmj-ssion and the
pr ior i ty queuing algor i thms. I t  has funct ions
to retr l r .n thc wai t ing i l lessage with the highest
pr ior i ty,  to remove a message frotn the store,
to enter a mcssage into the store,  etc.

(3) C' lLat""nel . .  This modtr le hides the noise ar)c l  delay
character ist ics of  the communicat ions channel .
There are funct ions to t ransmit  or  recei ,ve data
and to obtai .n the propagat ion delay betr , reen a
pair  of  nodes.

(4) Pz,otocol .  Thj-s module hides the detai led be-
havlor of  the protocol  fo l  t ransmit t ing and
recei  t  i  ng rnessages .  Thc spec i  f i  c  funct  ions vcry
acco) 'd i r rg to the plotocol  but  teneral l f  include
the handl ing of  acknowledgments and retransmis-
sions, storage of  port ions of  messages, and so
forth.

FI 
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(5) Stat t .st ics.  This nrodr"r le plorr ides a connon set
of  funct ions for  the col lect ion and report ing of
stat ist ic-s recorded JuI iD-q a s inrrr lat ion Iun. 1t
hides the algor i thms and data structures uset l  to
generatL.  thc stat ist ics and reports.

The design of  the Lrser interface and the simulatol '
control  was sPcci t ic . l  in less detal1,  s ince thc
funct ions to be performed were t1 'p ica1 of  manl '  s i inu-
lat ion programs. These rnodules were ident i f ied as
fo1lols:

(7) Contz 'o l .  Thls module provides the uscr inter ' -
face to thc top- lcvel  s imulat ion funct ions,  sucl . r
as reading parametets,  in i t ia l iz ing the s imula-
1or ' ,  in i t i r t ing r  s inrr l l i r toI  rurr ,  an. l  gcnerat ing
reports .  This nrodulr '  r 'ea( ls user requests,
checks thenr for  val id i t \ ' ,  and inr" 'okcs loner ' -
1eve1 funct ions to execute thcDr.  I t  requires no
detai  led knorr ' leclge of  the lorser ' -1evel  funct ions.

(2 ' )  Paranet:er i ) lp lLt . t tpt1t .  Ih is module hides the
uscr.  intcr facc'encl  funct ions fo l  the acqLr is i t ion,
display' ,  an( l  saving of  paraneter rralucs,  ln
older to prevent th is nrodulc f ron recluir ing c1c-
tai led knorulcd-qc.  of  the par: lmeters ancl  input/
oLl t I )L l t  formats for  a l l  moclules in t l . re sYStcn, t {e
had each moclule in thc communicat ions s\-sten
sjmulato1. implerncnt f rnct ions to l )er- forn thesc
operat ions for  i tsel f .  I 'he par-ameter input/
outpr. l t  nrodulc neecls on l1 '  to know the nanies of
these funct ions.

(3) Report  qert)?i1a.t , ,  This modulc controls the
pr int i  ng of  stat i  st j  cs.  To prevent th is modLrle
from knor, ; ing a l ]  t l re stat ist ics in the s lsterr) ,  a
funct ion wlrs Pror, ic lc.d foI  each t \ ' l )e of  st i r t is t i  cs
l 'ar ' iablc ' to l ) l ' int : r  |epoIt .  Al l  instance-s of
stat ist ic: ;  \ 'e l ' iubles are l inked, i rnt l  t i r t  I 'cport
gencratof  ! )n lY h: , is  to kno\t  thc name of th! .  1 i  st
hcad in oldel  to sequencc thlough the sct  of
t l l i ; r l r lcs i r r . l  I ) t  int  t l tc  lc . l r r i leJ out l \ l t .

I [ '1P1,[NtrNTINC r\ND DEt] t l ( l ( l lNG TII ] r  S I l l l l lAlOR

l le c l iosc SII lUl .A2 r  3 r  7 . , , .  the in4r lementat ion langr.rage
becausc of  r ts sul lpol t  for  abstract  ty 'pos and i ts
a\rai labi l i ty  on a local  Pl)P-10. Al though SI l t l t iLA is
rc lat ivel l  l  i t t le use,( l  in the t ln- i ted States,  i t  has
a large basc of  I :u lopc:rn l lsc l 's .  i {c four.rc l  the
D|C PDP-i0 conr]) i I ( } r  to bc lc1:r t i t rc ly f ree of  cr1 'ors.
' Ihc ut i l i t l '  fo l  int . r 'act j le i lebugging pror- idecl  erccl-
ient  l -cci  I i t ics i 'o]  set t l r r ' l  l l ' t . rk l 'o intS, Stelryr in i
through l ) roerans, and pt 'or i r l ing symbol ic refet 'enc:es
to val iabies.  Ihe chtr icc of  .SI IUL' \  hacl  nc inf lLtcnce
on the dcsign, s incc thc arr thor had only '  a nod( l ing
rcr luaintance rv i th thc language pr ior  to th is l t |o icct .
No SI i ' lULA cor l r .  r !as l r ' r i t ten before thc c lcsign was
conrpiJecl  .  Conseclrrent ly,  r ic  began by'c lerrc lofr ing
several  snral l  SI I ILILA l ) rograms to resolve quest ions
on hol l  certain ferr t r r rcs of  the languagc l r 'orked.

Thc pseudo-code descr ib ing proccsses in t l . re dcsign
hacl  l rsed i in apploach based on events:  a process
would rval t  for  an evcnt to occur,  service an event
passet l  to i t ,  and Nait  fo l  the next event,  Thc
tcst  progr 'arrrs le l  err lcr l  that  SINIIJLA did not suppol t
evcr l ts direct ly;  wc ci thel  had to introducc cvents
ancl  a schedul i  ng rncchirnisn for  thcn or h 'e had to
Jnodi f ) -  thc design of  the processes. Slnce this
proSram affected the t lesign, IVe r{rote a nemolandum
posing the al l ternir t i  I 'es atrd c i l 'cr . r loted i t  to the
reviewcls ot ' the ear ' l ie l  t lesion . locrrnert  l le

deci t l t -d to arroic l  the use of  events 11n! l  to spl i t  t l - re
CAI '  into t r ro separate pl 'occsses, o|c f t r t '  I 'ecel) t ion
ani l  one fol  t lansnissrort .

lh is decis ion made the nr:Lpping of  the design into
St l \ IULA strai l lht forh 'ard. ' lhe'  CL\SS structure in
SIt I tJLA prorr i  des a good mechai l isnr tor  the i l t lp lemcrl ta-
t ion of  t ) 'pe abstract ions.2T i : \n abstract  ty 'pe is
a fami 11'  of  ty 'pes in rn 'h i .ch fami lv rnentbcrs inplencnt
closely '  r 'c lated operat ions and duta st t ' r rctrr les.)
0f  the al lstract  types used in the inqr lencntat ion,
the one that prorrecl  most useful  later is the
ehstf : r . t  fVne fr)r  st : r t lSt iCS cOl lect ion.  l te haVC
descr ibecl  the c ler ,e lopnent ancl  use of  th is abst lact
t ) ' l )c eiser{he} 'er !  but  r r 'e rr ' i1 l  IeVierr ,  i t  br ief l l 'hcre
as an cxamplc of  hoh'  i \ 'e Llsccl  t1 'pe nt  chanisns to h ide
i  nfolnurt iorr .

l 'J t t -  |u 'Po5q- of  th is fani l l  of  t \ ' ] )es is to euci tpsu-
lat t -  thc f l rnct ions and stolage t 'cquircd fo l  lc .cold-
ing srrch measulei lents es nrc-ssl) !e. le lar ' -s el)d back-
logs,  calculat ing stat ist ics (such as the nrean ancl
Var iancej  f Iom these neasu|cnlents,  and gcne1.at ing
pr. inte( l  repor. ts or histogranrs.  A fanr i l l '  of  tvpes,
lather th:rn a s inglc t )pe,  is r lccessarv becausc sone
neasLLles (such:rs delay')  are neaningfr . r l  on1y. ' for
cont inuous qrLant i t ies Nhi1e othc'r ' : ;  (such as thc
number of  j tems querred) are mcaningful  only,  for
discletc c1u;nt i t ies.

FLl I theInloIe,  creat ing histogl .ams Ir . ( lu i l 'es cxtra
storagc for col lcct i .ng thc stat ist ics and more

l)al '0nlctc l 's  (e.g. ,  numbcr of  b ins,  b i : t  s ize]  .  E:rch
stat lst ics r .ar ' iablc is spcci f icd as ei thcr real  or
int t .gcl  and histogran or no histo{ l 'am. T'he same
L)|c ' ) 'at i  ons u]-e prorr ided foI  a l l  t \ ' l )es:  in i t ia l iza-
t ior)  ( to gL. i le l 'ate i t  nerr '  j  nstarce of  the t )  pc) ,
uP( jatL.  ( to r-ecor. l  an obsclvat ion),  a i t r l  l 'e ix) t ' t  ( . t i )
prrnt  a suni l i lar ' ) '  of  the obscr\-ut ions] .  An addi t ional
oqrc.rr t ion pr ints thc i r i  s togr:rn.

Uc.f in ing t i le t ) 'pcs as Sl l r lu lA CL:\SSes sat isf ied the
neet l  for  encapsulat ion of  the storage and operat ions,
but ar. I  adt l i t ional  goal  r r 'as to l t ie lc f rom the repor- t
gererato] '  the i r ient i ty '  anci  nuntbcr '  of  stat ist ics
rrar. iables l instances of  thesc t ) ' fes) that  werc to be
pr inted. 1f  th is infornrat ion rvelc conccalcd suc-
cessful ly- ,  h 'c cor i lc l  change the nunrber and typc of
stat ist ics col lectecl  h ' i thout chanr: ing the repol t
gener:ator.  To acconqr l lsh th ls goal ,  rve jo ined al l
stat ist ics Var iables in a s ingle 1- inked 1ist .
(Sl i ' l tJLA prorr ides a bui l t - in tvpe for srrch 11sts.)
Each t i r lc  a nerv instance of  one of  the stat ist ics
t \ 'pes h,os crei l ted,  i t  r , :as l rnked to the e:rd of  th is
I  is t  .  ' , ' t , "  r ' . -port  generator needecl  onl ; '  the nane of
the I ist  hcad ancl  thc '  Sl l t lULA l is t  opelatols.  Af ter
pr int ing a general  hc 'acl ing,  i t  merclv invoked the
renol  i  one|at ion rrroVidecl  r . ' i th eech l iSt  e lement.' - " " t_""

81'  chccking the type of  a l is t  e lement,  thc rcport
gcnerator could Jetermlnc rvhethcr a hj-stogram was
rcqui  red.

l le performed coding and debuggir tg in para1lc1.  l {e
f i ls t  coded the lowest levels of  the system ( in the
sense of '  the "uses" hicrarchy22' :151 and then com-
pi  J.ed then in i r lcdiately in orr ler  to c letect  e l rors as
L:ar l ) 'as possible and to make tht 'code more readi ly
arai  lable for  reading blr  an intelcsted observer: .
' lhus we f i rst  cocled the abstract ions for  thc def in i -
l  iun () f  probabi  l  i ty  d istr ibut ions arrLl  thr '  generut ion
of randon nunbets,  fo l lowed by the rbstract ions de-
f  i : r i  r r , :  nresslrges, mcssagc stoles,  i r ) ( l  nresslue tenera-
tor I ) rocesses. Ne\t ,  we inqr lenrenter l  a skeleton con-
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t ro l  module,  together r t r i th procedures to save and
restol 'c  par-ancters,  to a11ow execut ion of  the com-
plete. l  port ions of  the codc. The control  funct ions
and ut i l i t ies r{ere then expanded graduaI ly.a.s the
codi : rg of  the abstract ions for  s lots,  b lock-s,  chan-
ncls,  and- f ina111* a test  p1'otocol  mot lu le \ {as com-
plcted, The last  funct ior . -s to be added i r 'cre the
ncchanisns for def in ing the stat lst ics to be
col lecte-d,

' fhe proceclures, iust  descr ibed faci l i tated the inte-
gr i l t ion of  new sect lons of  code r . ' i th exist ing code,
since the cxist lng cot le had already been compl led,
lead b) '  an obseLver ' ,  and executed in sornc fashion.
I te cotr ld focus orrr : r t tent ion on thc l .e lat ive. l_,-
smal l  neu'sect ion added rather than on the ent i re
sin)ulator.  I r ) i t ia11) ' ,  a rc l ie lver reacl  a l l  the code,
br. l t  \ re had to t l iscont inue this becausc of  col tpet in, l
deman. is for  the ferr ie lver 's t ime.

Thc- pr i rnary '  r -eviel ing anr l  debugging tcci tn ic lues in-
c1r,rde. l  the cocle-r 'eacl ing alreadv nent ioned anr l  the
trse of  the compi lerrs f 'eatures for  conpi le- t ime
s\ ' l ) tax checking, r-un-t ime er-rol  detect ion,  and in-
teract ive t lebtrgging. Al thougl . r  cor le-reading Llncovet ' -
ed some errors,  i t  was pr imari ly '  helpful  in ensur ing
that the coclc was i {e1l  corn}nented iLnd consistent
r , ; i th the desi-gn documents.  As \ .ve coded and compi led
successir .e rnodules,  the compi ler  . letected :rs faul tV
block structures many errors that  were in fact
merelv t ) 'pographical ,  The errors reported by the
cornl l iJ .er  in sr . rch instances are,  unfor ' tutratel \ ' ,
uslral ly far  removed fron the t rue solrrce of  the
problern.  The structure provided bv [ 'DP- 10 SII ' IULA
fcr sei larately '  corrpi  led ploccdr.rres ploved to be
nore hindrancc t l ' I . in hclp,  ancl  scparate compi l : r t ion
f inal ly was abandoned as a c levelopnent tool  in
far ior  of  a s ingle large compi lat io l l  for  the ent i le
sinl l lator.  One problem centere( l  on the requi ] .enrent
that PDP-10 f i le nanres ( l imi ted to a length of  s i -x
chirractelsJ and the names for the separf , teLy con-
pi lable CLASSes they contain be cor ls istent.  This
meant that  311 names referre. l  to across the bound-
ar ies of  separately compi led modules had to be
dist in ' r r is l r rb le on the basis of  their  f i rst  srx
charactel 's .  Fl l r ther,  r .eferences were required to bc
stTic l - lv  or{ lere, l :  i f  lxrs ( lLASSes contained refcr-
ences to each other,  nci thel  could be compi led
f i rst ;  th.ey would have to be cornpi led as a ur.r i t .

The r l rn- t imc debugging package (DDf) r"ras very help-
fu1 ( in fact ,  the control  module uses i ts funct ions
to al1ow display and al tcrat ion of  parameters ) .
The abi l i ty  to display vaLLres of  var iablcs af ter  an
execut ion e] . ror  was part icul i l r ly  r" ,aIuabl  e c lur ins
debr,rgging; i - ts benef i ts would bc of  cven greatcr i f
values returned by proccdure cal1s could be made
arrai  lable.

An infornal  error 1og naintainecl  dtrr ing the develop-
nrent shows that the most nunerous errors rdele
cler ical  and, of  t l - rese, thc.  nost  bothersome were
crrors resul t ing in rnismatched BEGIN-LND pal t rs.
Other errol-s included in4rroper I /O funct ion usage
lcaused pi l r t l ) '  b1 a Iack of  L letai l  s in the SII ' lUL,\
c iocruncntat ion),  problenrs in at tempt ine to l lse
separatc conlpi lat : ion,  inrpropcr parameter passir lg,
Llefaul t  in i  t ia l izat ion (SI l ' lUlr \  sets var iable \ 'a lues
to :ero in i t ia11y.,  nr : :Lsking some ] ]eferenccs that
should be crr-ors),  and inpropcr assumlt ions about
the oldel  of  cva-Iuat ion of  Boolean expressions.
' l 'hc rnost J i  f  f  icrr l  t  crrof  s to f  i  n,1 werc plob le l r r :  that
rcvealed thenlsclvcs onlv in t tnust ta l  stat ist ic;r l  nca-

surcments f ron s imulat ion r :uns.  In one case, a few
niessages seen)ed to have inordjnatcl) '  long Ir '9c. .55i1t
dclay's;  the bLrg founcl  was the inpropcr resett i i lg Df
an inde-\  in an infrequent ly erercised processing
path.  This error caused parts of  a messagc to re-
main queued l lhen they could have been transmitcecl .
i )ebirgging the simtr . lator in th is resi)ect  appea] 'ed
t l r r i tc  s imi lar  to debugging an actual  i rnplernentat ion
of the protocol .  l t  took s ix man-nlonths to design,
in)plenent,  and rral idate the s inulator.  The progr i lm
consisted of  rotrghly 2450 l ines of  SI I ' IULA ( th is and
subsecluent nreasLlres of  code length include blank
l jnes and conlnlentsJ.  About 20( l  of  these l ines were
codc sleci f ic  to the test  protocol .

VALIDATION

l\ ie \ ra l idated the stniulat ion by implcrnent ing the re-
cluired processes and r todels for  the s lot ted ALOIIA
protocol .  In th is protocol ,  t ime is div ided into
f ixed length s lots,  wi th cach slot  replesent ing the
transnisslon t inre for  a s ingle l racket of  dat i l .
i t 'hcn a stat ior)  r 'eceives a packet of  c iata to send, i t
ivai ts unt iL the start  of  the next s1ot,  t ransmits
the packet,  and then l is tens to the channel  to hear
l , rhcther the t ransmission was successful .  I f ,  by
chance, two stat j .ons t r i lnsni t  Packets s iNul taneously,
the packets col l ide and both nust be retransrni t ted.
To avoiLi  repeated col l is ions,  each stat ion tTying to
-^ i - - , . - - r i  + . ,  , r - - r '^ i  . . : r i ts  for  a ] .anclon nunbe] '  o id 1rq!^q c rv

slots bcfor 'e retransmit t ing.  Slot tecl  ALOIIA is
cal led a content ion protocol  becausc the nodes in a
netuork conlend fol  t in)e on the channcl  instead of
adher ing to a f ixecl  schedule of  a l locir t ions.  h 'e
chose this protocol  as a test  case becausc i t  js

widely '  r - rnderstood, because i t  cxcrcised the 1)r incr-
pa1 parts of  the s imulator h, i thout being too co:n-
plex,  and because anal) ' t ic  |esLl l ts lvere av:r i lable
for i t .

I t re conparcd the simulatcd resul ts rr i th both the
analy, t ig and simulat ion resul ts prociuced by Lam.13
This comparison uncovered sornc errol 's  in thc in4;1c-
mcntat ion rurcl  lcd to a decper unclerstanding of  both
the dctal ls of  the protocol  ancl  the assLrmpt ions on
rvhich Lam's analysis ivas bascd. t l l t : i rnatc ly,  sat is-
facto|y i rgrcenrcnt bet l leen the sinulat ion and Lanrrs
hro rk wi ts Jbtainc, l  .  17

i ' loDIFYI\G l 'HL SII IULAI 'OR FOR OTHER PROI'OCOLS

Fol lo iv i  ng v.r l idat ior t ,  ne used the si l ru lator to
stLrdv th lee c l i f ferent protocols fLom trvo lJ.S. Nav) '
systerns.  he havc reported the resLl l ts of  these
stLrdics in References 14 and 19. Their  re levance
hcr 'e I ies pl inar iJ. f  in the changes that we made to
the simulator to accommoJate the new prutocols.
Olu design and deveJ.oprnent techniques were intendecl
to reduce the need fol  changes anr i  to i in i t  then to
pa1' t jcular areas of  the progran, Al though we did
not sLrcceed in l in i t ing changes solely to the proto-
col  nodule and plocesses, our use of  sof t rvarc engi-
neer i .ng nret l . \ods di i l  s intpl : i  fy  thc fc\ \ '  outs ide changes

thi l t  rvere lequired. l r r  th is sect ion lvc revielv the

Frotocols thet  uere modcled and thc changes thc) '
requi  red .

lla'"'g tctc it-cctl pt c.toccl

Thc f i rst  protocol  ( fo l lorv ing s lot ted ALOHA) that we
simulated was a design for a proposecl  LI .S.  Navy sys-
tcnr for  t ransrrr i t t ing tact ical  data among ships and
shore stat ions.  This protocol  is  based on pol l ing,
r{ i th a central  control ler  broat lcast ing thc pol l ing
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I  is t  .  ' fhe po J.  l ing l is t  specl  f  ie-s both the quant i ty
of  data each stat iotr  nay t ransni t  and the secluencc
in which stat ions can use the ci rannei .  As part  of
i ts t ransmission, t l le stat ion can indicate whether
i t  st i l l  l lss a{ id i t ional  data to send, and i t  can
:LcknowLedge dat:r  i t  has received from other stat ions.
At the enci  of  a po11i .ng c,vc1e, the ccntral  control ler
generates a new pol l ing l is t  based on this informa-
t ion,  and the ne\t  c1.c le begins.

unl ike sLottcd ALol lA,  th is svstL-n requires expl ic i t
i rckr)owlcdgments of  rcceived d.r ta.  Conseclucnt ly,  we
ne.er led a funct ioning CAI)-receivc process to receir , 'e
Cata and generate t i re acknowledgment.  Because of
the de- iay in ' thc channel ,  parts of  t tvo t ransl t iss ions
for the same receir , rer  n ight be outst : rnding at  th()
same t ine.  Thc process syrchrotr i :at ion f r imi t ives
in SI l lUL,\ ,  horn'eUtr ,  (k)  not  -sui) i )ot ' t  ntul t i l )1e cvet l t -s
pending for a s ingle process. The solut iotr  was to
introcluce a channci  proccss ( in : rddi t ion to the
channei  module).  This proccss was responsib_le for
recciv i r . rg al l  t ransmissicns,  q l rcuing thern for  the
appr-opr iatc c le iay '  pcr iod,  and then awakenins the
appr-opl iate recei  r , fnq proccsscs .  i lesides adding
this proccss,  r r 'e i rad only to rer\rr i te the t lunsmi ssiol l
t 'orrnat hlocks ancl  protocol  l locesses 1us ptannecl) ,
ancl  even thesc werc . rb le to usc many of  thc- ut i l i ty
funct lons i rnplerncntcd ln thc protocol  module for
s lot ted AI,OHA. The rnessage gL.nerat ion,  n icssagc
:; toLage, stat ist jcs,  control ,  parametel  input/output,
r)r )11 r 'L-po1' t  .qelrerato] .  Dodul is di  d not change. l laking
thc changes recluired for th is protocol  ancl  debugging
cccupieci  about two man-months.  The progr. ln grew to
approximately i l t )0 1j .nes,  of  lv l r ich about 700 rvere
plotoco1-ciependent.

C! 0 DA ( t: o n c e rLti on - b as e d, p r'i, o'r, [. t y - o r t. e nt e a,
tienat :.t ncces 3 )

Ne-\ t ,  r {e inplenel l tcd a s imul:r t ion of  CPOllA, a packet
protocol  rv i th distr i .buted control . ' l '10 This protocol
di l ' ides t ime into f ixed length f rames, each of  nhich
is t l iv ided into Leserrrat ion anLl  data-transrn- ission
gubfranes. Reserr ;at ions arc short  requcsts for
: r i  locat ions of  t inre in the J:1ta-transnr ission -sub-
f |anre.  Each |cscrvat ion : r lso indicates . r  l t r ior i ty
fo|  the data to bc t ransmit ted.  Dur ing the reserva-
1- ion subframe, nodes nay broadcast roservat lon
packets acccrding to the s lot ted ALOHA protocol .

Rcsc-rvat ions that ale broadcast successful1v l that
t lon' t  co111de) afc queued in pr ior i t r  crr t ic l  by al l
nocies.  l {hen the data t ransmlssion subfr i ine beqins,
the node h'hose Iescrvat ion is f i rst  i .n the queue
(the oldcst  reservat ion of  the highest pr ior i t l -J nai '
t ransni t  i ts  dat: r .  At  th( ]  enci  Of th is t ransmission,
the lc-r t  queued )-eservat ion is sLrrved, and so on
unt i l  the dat: l - t rans)r ission subfrane cnds. Thet-e
zrre provis ions i r  thc protocol  to assure that a1l
nodes maintain a consistent r . .1ew of  the reservat ion
queue, As thc queuc of  requests grows, thc reserva-
t ion subframe decreases and the data-transrnission
suhframe incrcase.s.  ' lh is protocol  does not requirc
a central  control l i r ' ra stat ion;  only a standar( l  t i lne
leference is nee'ded.

Nocles pcrform two types of  t ineouts.  First ,  e:rch
t i r i .e a node transmits i t  reservat ion or dzrta p:rcket
i t  l is tens for the echo of  that  p.rcket f ronr the
satel l i te.  t f  the echo does not occur af ter  the
rDr:nt i - t I ip t rarsDrission dela) ' to the satc l l i te,  the
r lode requeues the reserval- ion nacket fof  t ransnis-
s ion latc-r .  1f  the echo of  a data packet occurs as
expccted, the node waits a speci f ied lcngth of  t ime

for the posi t ive response from the intcndcd rccipient
and, i f  none is recei ied,  qucues a resenrat ion Dacket
to al1or!  latc.r  rctransmission of  the dat:L packet.
I 'hc Nai , '1 '  tact  j  c i11 I l rotoco I  descr ibed car l  - ier  had
on11'  onc ty 'pe of  t i r "ncor l t .  Furtherntore,  the t ineor) t
r {as t ied to t l tc  } ro1l ing c; ,cIe so thdt the channel

i l rocess introduccd to qrreLrc t ransmissions could
handle the t imeouts as we11. lhc CPOD;\  casc was
suf f ic ient l , r '  con) l l l  ex to rcqui  rc a reexi tminat ion of
th is nteciranisnr.

lh is rcconsidclat ion lecl  to the intror l r rct- ion of  an
cvent rDechi ln is i l r  in thc s intulat ion.  hre nradc cach
evcnt i ln instancc of  a SII \ IULA PROCESS that ruould,  on
awakenlng, act ivatc the ploccss : intended to recelvc
the event an( l  pass i t  a paraneter def in ing thc type
of errent.  This approach nvoids the rc( lu i rement fo l
a c lupl  i  cate schc,.c lu ler  runnins on top of  thc S INIIJLA
scheduler.  i l lc  ( l iscoVe|eci  Iater thtr t  I r ranta pro-
i )oscs a s j rn i  la l  imDlementat ion in his book. ' ]

Again,  the changcs to the s imulator werc pr incipal- ly '
in thc protocol  rnoclu1c, as planncd, but the event
;rcchanisn na( lc possiblc the c l iminat ion of  thc chan
irc l  t ; roccss added in the prer; i r r r rs protocol  s inulat ion
so that thelc were some changes in the channel
nodr:1e as lve11. lhe def ln i t ion of  t i rc cycnt mechan.-
isn nas nade outsidc of  t l ic  protocol  nr . rdule so that
i t  wouid be avai lable for  usc in future s imulat ions.
i \ laking thcse took approximateL)r  three r l l r l -months.
ihe s inr , r latolr  grei \ r  to;r l )proxinately 35()0 l incs cf
S LNIULA, of  r rh ich alnrost  1000 I incs welc Cl 'ODA-
.lepe nclent .

E: t is t i rLg I ' laog ; ;oLLinE protoco L

A third plotocol  s in lu late( l  rvas i1 Navy l ) rotocol  cur-
l 'c .nt ly in use fol  the cxchangc of  nrcssn!cs ovcr
satel l i to c i ranne Is .  This l t rotocol  i  s  ugain a poi  i  ing
schcne with a ccntral  control ler ;  i t  h:rs a s inplel
st luct l l re than the f : i rst  protocol  descr ibed, s ince
i ts delay leql l i l .c)ncnts are lcss stTingcnt.  I t  is
uscd pr incipal ly ' for  the t ransmission of  text  mcs-
s:rges f lom shi})s to a shorc stat ion ove| a UIIF
sate' l l i te l ink.

Sonie addi t ionai  constraints pJ.aced on this study
al lo l rcd thc rnodel  to be simpl i f ied grcat ly:
acknoh' Iedgnents and channei  noise did not h: lvc to bc
rnodclecl ,  and speci f ied d- istr ibr i t ions lverc to bc uscr l
for  message generat ion.  The'se rcstr i  ct ions el- in i ; rat-
ecl  t l ie neeci  for  the rout ines that r lef ined r i l . rb-stract
typc for  probabi l i ty  c l is t r ibut ions,  the channci
module,  ancl  proccsses to receive mcssages or qucue
and process acknolv lcdgmcnts.  Consequent ly,  instead
of 'bui ld ing t r iv ia l  rout ines wi th i r r  our '  , jL.nera1

framework,  rvcr t lecic icd to cronstruct  a separate,  s inr l ;Jc
sinnLator fo l  th is protocol  b.v borrowing only thc
i ipplopl iate rnor lu ics f lom thc or ig inal  s inulatcr ' .

l !e borrowed the stat ist ics and report  gcnerator
modulcs intact ,  bLLt he si r r4r l i f icd the message genera-
t ion modulc to usc specrf ic probabi1i tv distr ibut ions
instcad of  nrorc gencral  descr iptors,  Thc abstract ion
inrplenenteci  to l rodel  nessages rr 'as s i i lDl i f ieLl ,  s incc

no spcci t ic : r t ions of  dest inat ions or.  pr ior i t ies i {eIe
required, and thc nessage storc module becarnc a s i r r r -
pJ.e I r I fO queue using the prcdef ined SINIULA operators.
i {e wrote the protocol  r r r rdrr fe ancl  a s inrplc s imulat ion
control  and i )aramcter r i r l lut  fout lne f ronr scratch.

This apploach nlet  the I  , ,n. i ted goals o€ thc strrc i r ' .
' fhe s imulator l {as const l  cted qui-ckl1 '  and debugged
casi ly.  0thcr than the t ,1 iminat ion ot-  unneecled
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funct ions,  v i r tual . l  1 'no changes rr .ere r .ecluired in thc
borrorr 'ecl  nodtr lc.s.  ' Ih is s in l r lator consists ol  about
700 I  incs,  of  r r 'h ich about hal  f  wcrc borroled. ' the

sintulotol  was constructed ancl  debugged in less thar.r
a nonth.

Tire nced for a minirnal  s imulator lends fr , r r ther cre-
dcncc to thc design conccpts of  protralr  farni l ies and
minjrnl l  subscts i lescl ibei l  by Parnas.24'15 t t  is
i r r te l t .st I tg tu note that ,  a l though we dld t )ot  e) lp lo)
thosc conccpt,s cxpi ic i t l ) ' in th is p|o- lcct ,  tht-  use
of : rbstr- : rct  typcs and thc j t r format ion-hiding pr incl-
plc led to:r  resul t  consistent rv i th thcm.

IrXl) I iRI l rNCIr ( lA INED IN iJS lNCi ' l l l l r  SINII ILATOI{

in addi t ion to tht  lcssotrs Icarned from thc ntodi f ica-
t i  ons of  thc s inrulator sof twarcJ the e1' fectr  veness
of t i rc s inrr lator ' . rs : i  tool  for  studying the pcl forrn-
:rncc ol-  connnrni  cat ions J)rotocol  s j -s of  intercst .  As
ment iOnccl  i lbove, i {c appl ier l  thc s imulatof  to two
Nrvr ploblcnrs .  Orrc involve-d thc usc- of  the dist t - ib-
i r tct l  ( . i 'Ol lA p|otocol  to control  contrntrni  ( :at ions : | ) )o l tg
onc to 20 ships:rrrr l  u shorc st i r t io i t .  ' l  he t r -af f lc  in
this c: tsc ' r \ ,ars I ) r : i  nal ' i lv  t ransi tct ions l r , i t l r  rcnotc,
l lLncl-based con\)uter svstcrns.  l 'hc othcr prohlcm in-
Vol lcd cvaLuat i i rg thc usc--  of  CI)(JDA and the othcf

l ) fotocols as vehic lcs fo l 'nrerging traf f i r :  1-r ' r ) rn two

l) lesL'nt lv int lcpcnt lent  Nlvy corr)nrunicat ion -s) .stc l ts over '
a s ingle chlnncl  .  l loth str-rc l ics plociucet i  uscfrr l  rc-
sul ts i  CI '0f)1\  l r rorr i t lcd supel iot  pcrfrr ln l rnce in ncar '1,r
al  I  t l rc '  cuscs exanr intd in the second stut lv,  ar tJ i t
pr-ovidc.d aclccluir te ( thouth jn sonrc cascs nrarginel . )
1 'csl)or)s i  vencss in thc l - i rst  stLrcly ' .

ln t i )e cor.rrsc of  pel ' fornr ing thcse studies,  rve dis-
crrvcLCti  scVcf i r  l  t i r  ings about tho s i  mrr lutor ' .  I 'hc
si i l lu lator rvas c lcsi13trc.c l  to be t 'utr  intet 'act ivcI l ' ,  ancl
t l tc  cortnl l r t t r ls  provi . lc t l  b; ,  Lhc rrscl  i l te l facc r !ct 'L '
genct 'a l l i '  hclpful .  l 'ht  [ )L] l ) -10 rLrn-t imc sLrplrol t  1 'ot '
SlXl l . lLA aidccl  thc inqr lenrcntat ion o1'sonc of  thc,sc;
thc dc.htrgging packagc provic les f t rc i l i t ics to r l  is l r l l r '
ar id l r l tcr  v l r lucs of  l ) r ' r )e l 'anl  var i l rb lcs,  sot  breakr
polnts,  rnrd i r r tcr l ru) t  thc s innr l : r to l  t l r r l in!  execut i ( )n.
' fhost- .  i 'aci l  i t ics rn 'c l r '  ) ro lpful  both drrr ing dcbugginr l
nnt l ,  occrrs ionaI1). ,  to i l I t t : l  paf l i ) r )ctc l  taIrres dLr l inrs

l ) roduct ion tuns .  ; \n unfor- tunir te s idc cf  fe-ct  of  tho
r-Lln-t  inre suPpor-t  r { : rs th:r t  i t  rvas in\rcrssiblc ( i r ' i t l ro i r t
Lrodi  ng a sPc.cial  asscnrbl l ' - languatc rout int ' )  to savc
a conl) le te colc- .  inr i rgc.  i r r  a f  i  I  c  so that thc nrn
corr l r l  bc festartcd iutcr ' .  l \ rc did l )ot  Lrode the
special  lout ino becir t rsc of  out '  l int i tecl  resourccs ai td
orr t 'uncel ta inty as to I tor i  rnrrch c i fo l t  i t  rvoulc l
involvt .

l l . rc s imLrlator i tscl  f  Providecl  f iLci l  i t ics to sar, 'c  a l rJ
restor 'c l )aranrctcr  scts in f i  1es .  ' lh i  s plovccl  : r
cntc ia l  funct ion,  s incc the volurnc of  inf 'orrnat iorr
l 'cqrr i rccl  to spe'c i  fy '  a girre n exper ' intent t r 'as substan-
t i r r l .  ln fact ,  the intoract i r ,c i l ia loguc for par i t rn-
c- ter speci  f  icat i  on r \a-s but 'dL.nsome e.nor.rgh that h 'e
prcferr-ed to edi t  a sar"ei l  p i r l i l letet-  f i le r ' i  th r l  te\ t
cdj tor  rathcr than go th|oLrgh the ent i re t l ia lorue i1 l
h,e only rr 'antcd to change a r-andonl  r t r :mbel sccd or one
or two l )aJ 'anretet .s .

The pr inar l 'problens encountered in actual .  s imulator
Luns were stDrage l inr i tat ions.  Al though the iDi t ia l
design did not l in i t  the nul tbeL of  t rocles in I  s i  nrrr-
lated comrl l l rn iczrt ions net lork,  the i tutnbcr expectcd
in the f i ls t  appl icat ion was Icss than 15. Col tsc-
quent ly,  storage requiTenents h 'ere not a major con-
siderat ion in the dcsign or implementat ion and test
palanetcr sets were gcncrated wit-h networks of  mole

than -50 nodes with thc s lot ted ALOIIA protocol .  The
actual  studic-s,  however,  of ten spcci f ied mult ipte
pr iDr- t t ies of  t rat ' f ic ,  a var iety of  message genera-
t ion processes, extensi \ ,c stat ist ics Lrol lect ion,
and other factors that  mult ip l iet l  t l re storoge re-
qui  remerrts fer  noJc s imulatcJ.  Furt l rer ,  i { -  a sys-
ten were tested neat satLrrat ion,  message queues
rrr  ght  generate s lzable,  a l thoul lh t ransient,  backlogs
that would exhaust avai lable storagc. A11 these
factols nade siniulat ions invol l ing nore then 50
r lodes inpract ical .  The second stud) descr ibed above
was ur:rc1e with a 30-node network and thlee pr ior i t ies
ot t raf f ic ,  at ' ter  rcrnoving al l  stat ist ics col lect ion
var i : rbIcs that  were not of  cer l t ra l ,  interest ,  Pro-
je.ct  sponsors fc l t  the 5o-node network w:rs suf f i -
c ient ly rcal ist ic for  thc case i1t  hand, but would
h:rve l ikcd the abi l i  ty  to invcst igate l . r r ' -gcr net-
rvorks as wel l .  The rcstr icted vcr.s ion of  the s inru-
lator necded less stor. ]ee but hacl  s igni f icant ly
less c:rpabi  I  i ty '  .

CONC I, LIS T O NS

h"hi lc al I  serren softwarc engineor ing
pror,ed bcnef ic iaI  to sone dcgr-ce and
ovcr layl ,  hre can surunrar izc the i ru)act
fo l  Iorrrs:

t  echniques
sone ol  thenr
of  cach as

Cotqt 'Le+.e desi ; in pr ior  to coC. i rLo. l 'hc rcqui  lement

l ) reventecl  l l le l r i t tu le f r -eezi  ng of  the . iesign but r , r i ts
Iess inrportant than thc c iesig])  Ier i ie lvs.

j )e 's" t  j r  ret  i rD bl t  ktLct ;1,e,7get; i tL i t  ; , t t ts ide:rs.  This
tcchnic l t rc rcclLLired that thc desigr be suff ic ient l r '
c locrunentecl  that  other 's coLl l  d Llnclerst i t r rd i t  anr l  sug-
gcst  rcr , is ion: ; .  Al t l lor . tg i r  t l tc  revierr 's  carrsccl  design
changcs, thc c-xer-c ise of  crcat i .ng the doct-une:ntat io l r
fo l  thc design wi ls i r . r  : i  tsc l f  bcnc.f ic ja l .  The re-
t lu i lcrncnts descr i l ) t ion gcncrated t-u go alonu ni th
r icsi  grr  r { ls  i i l  so useful  .  l )er{raps rro s l roul  d havc
Jcvotct l  nror-c t i  i lc  to t l )e st i r tenci) t  of  1o( lu i |enlcnts;
i r t  rct loslrect ,  cst : rb l ishing 3l)et to l  t lef in i t ion of
t i tc  enr"  i ronnlelr t  to bc modt- l  ed (  e.  g.  ,  rv i  th lcsIcct
to chanrtc l  noise char.actcr ist ics) and r ie l ine:r t ing
pct ' fo lmancc r-ct lu i rcnents nl ieht  havc rerrcaled frob-
I  c lns that  h ie l 'e not al )palent t rnt  i  I  later i  r )  thc
plo- j  r -ct  .

. . ' r . i :  r , j '  ihc ! . rL j" . ; r tn i i t , tL- i r i . ; l i r i ; , -  1;r , i . r i , : i .p 'Lt :  Lr :  t ts l  ; ,
Tht nroclrr lu l i : l r t ion of  the s inrr latol  b i rstd on t i rc:
in l -o lnat ion-hidi  ng pr- inciplc r ' , : rs benof ic ia l  in
scvcral  ] 'cs l )ects:  i  t  nraclc the desi  gn casicr  to
. lescr ibc,  i t  forccd consi<lc lat ion of  1-utrr tc chrrnges
cal ly ' in the c lesi i ln plocess, i t  s inqr l i f ied the
rurking of  c i rangcs, and i t  Iccl  to a st lucturc th i l t
p lovJ. icd r tseful  l )a l ' ts  to othel  s j  mul i t tors.

i ts;  r t  j '  . i ) i t r \ : , t . :  ! , .  i ,J [ , . rs.  This concept,  toget]rcr  rv i t l r
thc i r fornat ion- l t i t l ing pl inciplc anci  usr 'of  a lar t -
guage suPl)or. t ing abstract  t ) ' l )cs (SI l l l lL i \ ) ,  a ided in
orr i ln izat ion aud lod to the creat ion of  at  lcast
Dnc abstr ' : rct  type ( for  stat ist jcs col lcct ion) th:r t
is  bulng rrscd in nel  s inrulators.

i'o,ie y,ec,cili.tLq i;11 ,;tlt;:r, tlLau the 'prt1t1(:tttner p"'ioi. :r )
tes t in!1 .  lh i  s ptocedurc l {as carr iccl  out  on- l } '  for '
the f j rst  fcw wecks of  the crrding. A fcw errors
welc fount i ,  but  the pr inar ' ) ,  Lrencf i t  i {as to forcc
thc' inclrrs iotr  of  good comnents ant l  c lcan coding
pract  i  ces .

11.:31terat i .ng seouent i .d l  r ro.esses, Al  though thc use
of plocesses is harcl11'  nove1, i t  was central  to th is
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r ics iBt. r .  I f  processes hi td not been avai lable in the
programning language chosen for the implementat ion,
i t  r r 'ou1r l  har,e been htorth the ef for t  to implenrent
t l ,em.

I lse r . t f  pseud,:-code. This rv idely usecl  techntclue l \ ras
used to pror, ide in i t ia l  sketches of  code thr.oughout
the project .  I t  helped signi f icant lv in comnunlcat-
ing the design to reader-s not fami l iar  wi th SII IULA.

l ie oj-1 cn hcr l ' thr t  suFt\arc engineeI ing tcchniqucs
are desirable but t ime-consuning. Al though this
project  d id not har.e f im deadl ines,  the in i t ia l
s imulatof  ivas completed i rnd val idzrtecl  rv i th the s lot-
ted ALOl l . \  protocol  in less than six man-nonths.  lhe
docunents ancl  prograns l iar . 'e cont inrred to bc useful
over a per iod of  rnore than tr{o years.  Another staf f
member rvho is deVeloping a s in l r l i r tor  for  I IF radio
net lo l ]ks has been able to incorporate s igni f icant
parts of  our s intr lator,  g iven on1y. t l ie l is t ing and
t i re |c ie\rnt  docl lments,

There is,  of  course, room toL in l ) rovement.  In pirr-
t icular ' ,  we shor.r ld have devoted nrore t i lne to the
performance impl icat ions (CPU t ime ar.rd,  especial lv,
qtorr \ re ref l l ;  rere r) tc t  of  the , lesipn- ro t l ro lC\el

of detai l  actual ly requi led in the channel  mode1,
and to the user i .nterface for paraneter speci f ica-
t ion,  Nevertheless,  the project  succeeded in apply-
ing software engineer ing tecl in i r lues and in ploduci .ng
a tool  for  perfornance analysis appl icable to a
vi ,Lr iety.  of  protocols ant l  able to be used and nodi f iecl
b) '  other persons,
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