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The problem of the dynsmical models’ coanstruction
with finite and infinite sets of states is considered in
this issue.-
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A METHOD POR THE ANALYTICAL REPRESENTATION CF
DISCRETE EVENT SIMULATION MODELS

G
o

Giuzepe IAZEOLLAY , Emrico MARTINEYJLEM9 Henrileas PRANEVITCHIUS

A mathematical style of description of simulstion models i®
introduced ss an aliewmstive to more traditionesl methods, like
flowgraphs and progremming lanquaqges, which sre less sulted to
represent the system at intermediate levels of develgppment of
the model. Understandability of the model, machine generatiom of
gimulation code and proof of correctness are &t leest three
reamens in fevour of this appromch. A gemeral medelimg cwilterionm
is outlined and then spplied to a specific chese gtudy.

1. INTRODUCEION
System simulstion wesng the sct of wrepresenting o systex by
s aymbolic wedel, spd ueing this medel o produce & etory of the

ahetes thel oo v ol the wenl

Bystem. Anm event denotes s chenge in the state ol the glmuliated
sysntem. Dlscrete event dighitel simmlatlion comseyns the modeling
on @ dlgliel somputer of @ syetas in whish stete chenges can be

represented by a collection of discrede events [1]. System mow-

Pisn, Ituly.
%% . Istituto di Flsborazione dells Informexioms, C.N.R., Plss,
Ttaly.

% %% Pulyiechnd cel Institute of Keunsms, Lithuerisn Bepublice, USSR
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del ehengeg ogcur vwhen en event oov All modern computer simu-
lution models usme the nextevent appréach to time advence After
8ll state changes have been mede at the %time corresponding to »
partisural event, simulated time is &dvenced to the time Qf the
anext event, where required changes sre again made.

The core of aay computer simulztion model is then that pert
of the model that describes the state change rules. This des-
eription has irasditionszlly been mede either by use of program
flow chaxrts or of pro-ramming languages. In contrast to these,
we are in favour of & mathematical style of description te be
used et sn intermediste level of model development for at least
three remsons: 1) understandebility of the model, 2) mschine
generation of simulastion code, and 3) proof of correciness.

As far es the firat resson iam concerned, flow charts are,
by their own nature, too generical snd concisé to give & precise
understanding of what the simuletion model actually does. The
usefulness of a‘flow chart arisas from the faet that 1t provides
a2 generical logicsl description of the entire model by use of
patural lenguege sssertions. On the other hend, flow charts ere
not suited to provide detsiled descriptions, a festure thet is
proper of programming langusges. Progremming lenguages, however,
especially aimulation languages like GPSS, SIMULA, SIMSCRIPT,
require s previous knowledge of the  langusge in order to unders
stand the model. For theme ressons, the work of constructing e
complete simulation model is presently very hard to divide bete
ween many persons. The man who conceived the model la, in meny
cases, the only one who is sble to write the progrem thet imple~
ments the model. There ism a lsck of genersl ways to compunicateth

intendments about the model to a progremmer, unless this has
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alresdy ‘been inltisted to simulation problems

The aveilability of general ways of model description
coulid slso open the wey %o the production of zoftwere sids o
aimulation program building. The beait way for s aystem spelyst
to study a2 asystem would be to express the simulastion model of
the myutem in geners]l methemeilcsl fterms fZ,B] and then input
this description a compiler in order to produce the code of the
aimulation program.

Finelly, =s fer ss the proof of correctness iy con

just remember whet Goldstine and Ven Neumesn | 4] noted years ago.
A proe? of progrem correctness can be achieved il the progremmer
can provide or assert s description of the stets of the vector
of progrem varisbles after each step, or possibly after selected
atepz of the program. In our case, the system state descriptiem
could be used to verify the program by determining whether thw
{gueéssed) state informetion efter the occcurrence af event 1 ls
implied by the gtste inferwmstion Tollwing evenl 1-1 smd $he
trenaformation performed by the svem: 1.

2. SYSTEM DESCRIPTICH

The wariablewm that spperey inm a sysiem wedel sre ussd to Pee
lete cme component tu another end may be convenietly clswsified

3 i

ag sxogenoug verisbles, status varietlse, and endoegencus v

Bxopenons werinbles ere the input verisbles of the model snd
ere sssumed to have been given inmdependently of the system belng
modeled These verisbles way be used in two differemt ways in
simulation experiments. They may sither be trested es given po-
remeters which have to be read into the computasr 28 input dsta

or, if thay are stnchestic variables, ithey mey be geameraniad Ane

ternal

hy e
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Status verisbles describe the astate of the aystem or of one
of its components eitheréihe beginning of a time perioed, at the
end of & time period, or during a time period These variasbles
interact with both the exogenous snd the endogenous verisbles
according to the sssumed functionsl relationships of the system.

Endogenous variables are the dependent or output variables
of the system and sre gemersted from interaction of
system’s exogenous and status varisbles secording to the system’s
operating characteristics.

Finally, in & simulation model two other types of verisbles

sre used: the event variables snd the clock. The event varisbles

hold the time occurrence of the events thet sre defiﬁed in the
model, while the c¢lock holds the current simulated time.
The specification of & simuletion model invelves the tollo-
wing steps, that we shsll spply next ito our case study:
1) Definitiom of the stochamtic process to be studied
2) Definition of parsmeters end opersting chsrscteristics
3) Definition of event varisbles
4) Detinition of event-related mtate vaxrisbles
5) Definition of internslly genersted exogenous vsrisbles
6) Definition of the rules for changing the coordinates of the
process .

7) Definitiomn of rules for computing endogenous variable values.

Step 1 is concerned wit!. the definition of & vector of state
variables, or stocheatic process coordinmstes (e g. length of
queues, state of the server etc ) whose story the snslyst wants
to follow in order to obtein the informetion he is inierested in
In Step 2 the exogenous verisbles sre defined. Operating charac-
teristics for stochastic processes teke the form of probobility

density functiona (e.g. interasrrival-time d . , gervices-time
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g.f,, ete.), end in genesral the perameters are thelr mamemta{ﬁ],
Sometimes the operating charscteristics include mathemstical
equetiong relating the system’s endogenous end stsius veriables
%o its exogenocus veriables.

In Step 3 the chenge of astates {eventa) of the system components
are defined which are congidered to b relevant for the purposs
of the study. The cholce of the events is strictly related to
the coordinates of the stochastic process. For exgmple, 11 we

seek the b.haviour of the state verieble "mumber of jobs im

ahop at glven mowent of Tiwe® @ mhata W

time 2 job wrrives amd every time a job deperts. Axvivels and

departures are then system events.

To Step 4 sowme 2dditional stete variables cen be defined which
require the knowledge of the nemiag of the event veriableg snd
shue could not be defimed in advence. Theseare the clock veriebe

la ., mome incremental verlables (e g. no. of jobs arrived up to

{1-%h event) to be used az index variables at Stap 5 snd 6.

Stap 5 defines the exogepous weariables to be genereted intamme-

-

11y by the computer to slmmlete the sywiem op

It

ting cherngtee

rigtics.

3%a &

5 im the

modal

W

s each time an event tekes plescee. This descxiptisa comblinep

puren of the detell snd und

sndabllity.
Jten 7 somteing specificetion Tor the spllection of date during
she simulatlon rum in order o compute atetisilosl resulte. In

N @

peper we mball not desl with thisz step !

urther

ribhed

‘n the following smectiona, Steps 1 through & will bLa

n owere detail Tor a csge st




3. CASE STUDY

The system we have chosen is o single server gqueueing ays-
tem with setup clesmses. The model is depicted in Fig.l. There
ere ¢ queues or asetup classes Qyr Gz - s 4 and @& server S
which processes Jobs in e FIFO order within esch class, snd mo-
ves to another class as soon asm the incumbent class is exhaunsted.
The criterion scecording to which next queue to be served is chow
sen 1s called the gerver setup discipliné The objective of the
simulstion study is en investigetion about! the distribution of
the number of jobas in esch class and of the server busy period
B far ms the influence of the seiup discipline and the distri-
bution of srrivel, holding and setup times is concerned. By hol-
ding time we meen the time a job takes in S, while by setup time
the time to move from s given queue to another. According to the-
se general specifications, the following model description
srises, as by msteps 1 through 6 sbove. From this mcdel & FORTRAN
IV code simulation program was then derived which yielded the
results we were interested in. The purpose of this paper however

is not to discuas the resulta but to introduce the algedbraic

description of the model. 9y
Ay T~ H, -
U -
A b IS
2 1T —H, i
: T

Ye
Ag =TT — H, .
Fig. 1. The system modeled

3.1. Defitinion of the stochestic process

Let us denote by P(t) the procews to be studied. According

1o our simulation objectives it can be defined eas:
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PY = {n,@) ay (), nele), (18}, k(O
filt) = mo. of users walting in q4 et time t s

|

, i1f the server S is busy in = holding or in
L#O

= 0, if the system is idle (empty);

a setup operation. Namely:
(i) when S is busy in a holding operation
(k(t)” 0) , 1 {t) peints to the queue
S is presently attached to,
(11) When S is busy in @ =etup operation
(it #0), 1{%) peints to the gquoue 3
is presently leaving from,
) =0 , if S iz presently busy 1q a helding operstion;
iﬂ {;ﬁ O ¢ 4if S is presently idle oz}tis bugy in & see
tup opesrtion Nemely: '
(j) when S is idle {1(t)=0),k(%) poii‘s to
the gueue thst was moat recenily served
by S, i.e. the queue 5 is presently
attached to.
{34) Wnem S is busy in m sefnp opsraiisn
(380400, k(t) polnts to the queus whey 8

will e

eh at the apd of the geiu:

sosording to the setup dilscipi.ne,

“
4

2. Definition of ‘ersgencus veyisbles

Systen operating chevecteristics and ppramsters ey %0 28

definsd Bt this point. The fo.sexr sre dencted by
Aiii:4,u-,C} w digtribution of the intermryivel tim- oo

o , Ao
e d, . 0
Cb ) - n ® W pelding time % g
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q -

QU'(”J"L'“’C) - distridution of the setup from q; to qy.
and their parameiers will be:
E(fA ), G2 (tA') - interarrivel time to g mean and varisnce.

. {

o ({H;); G‘l(t“l) - holding time in g, meen and variance.
£ 2
e (tSI‘J};O’ (ts

inother parsmeter thet will be input to the zystem is the setup

\ - setup time from éi to qj mean and varisn-e.
i’
diseipline D. This can be introduced in the form of a propomition
that specifies the criterion sccording to which server chooses
next gqueue whenever it decides to leave the incumbent one.

3 3. Definition of svent varisbles

Here the event list snd the time sdvencement rules ere
gpecified. We introduce events of 4 types:
1) Type-l eventa: arrivels.There =2xisi c evenis of such a type
because of the existence of ¢ independent errivel sources

2) Type-2 event: end-of-holding. There evists only 1 event of

such a type beomume we have only one server,
3) Type-3 event: end-of-setup. For the ssme remson as before,
there exizts only one an event of this type.

4) Type-4 evert: end-of simulation. When this event occurs, the

simulation experiment is concluded.

The event liist mey then be represented by the set

Ea{e,,ez,...,ec, ecﬂ,er_,lle“b} ‘
1st 2nd  3rd Ut

Durirg the simulstion rum, an occurrence time is sssocieted to
each of the events sbove. Namely, we shsll denote by % U) the

time veriable associeted to event Sl jzﬂl‘,., < , by V, the

time associsted 1o & ., , by V5 the time sssocisted 10 €c.y
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#nd by T the time sescciated to oy the duretion of the @l
sulation rum.

The sdvancement of the simulation time is made eccording to the
mechanism known as "mext event time sdvancement®. Thie means
shet the simulation progrsm scana the E-list pericdicelly end
sach ¢ime chooses the event e § I whome occurrence time V ia the
closept to the pregent vmlue of the simulsted time, end noet sxg
thap this.

3.4, Frent dependent stote varishleas

Heving defined the event list, some sdditlonsl sisie verisbe
ies can be introduced The first is e varieble we oall gleck
nolding the current velue of the asimulsted time

It ie updated sccoxding to rules that we sball see next Ve
shall demote by m the rumber of events that huve iamken plece up

o the current simulated time. Accordingly,

cloek (m) will denote the value of clock sfter the m~th

sacuyrrence of an event (eloek(m)c (0,T) 3.

Let us write glock (m)stw . Symbol X{fs) will then denote the
valne of the genewiewl é%mta vpriable X ot the time fmw . Wa
shall ocpll this the welue of gy ofter the weth sccurrence of
am event mnd demobe 1t by x(m) . Ascordingly .,
Vo(fm), Valm), vy (m)  ave the welues of Vi lf) V), % S QA
the Beth  CCouPreRcsH @f 6% BYERY;
Pelm) o the nusber of umers waiting ia q, efter the
meth scouerence of an events
[{m) . the velue of L efter the m-th occurremee of an
eeant;
k(mﬂ « the velue of k efter the me-tlL eccurrspce of gn

avont.
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Other variables that will be of intersst are the following:

fi{j,m) = total number of usera errived up to time glock
() into queue a4

ri((}’.m) = total number of users that recelved holding
service in queue ay up to tima";_gﬂlﬁg_c_lg (m);

f"s(;'j"m) = total number of setup operetions from Q4 to qj

that occurred up to time clock(m).

3.5. Definition of internally geneysted exogenous variablesn

be

Rules are now to given for the simulatiom of the operating

cheracteristics A, H; Sij defined above. To this purpose we
1 ¢
introduce the sequences of pseudorandom numberss
{ il )
zfg } - i%f’ f;:z yoo } d2 4% ¢ sequence of intererrival time
values genersted according to the A,j dismtribution;

0,0
i'lg’} M‘J)I J 4, sequence of holding time va-
¢ ¢ I
‘ues generated according to the HJ diatribution;
!
‘f“.l;) ﬂnJ) 7:.{ } Lj“ 4,2 ,c sequence of setup time velues
genereted according to the 5.;6.‘ distribution.

of ]
The values those sequences sres generated according to Monte

Carlo methods like the linear congruentisl inverse tranaform

method, ete. [l. 5] i.e. esch value is obteined from the prece-

dirg by known rules that we simply denote by
Y7 g L2 ]
Feof [‘?h ,,E(tAJ.)’GV (Jc’:;')
gnd asimilerly for the fl and f values.

3.6. Rules for chenging the coordinates of the process

Let us denote by &(m) the m-th event selescted. The next



..85..

event time advencemeni criterion can be expressed sg follows:

e(med) = €€ E IV = mia [[1V,(j,m)ll, Vo(m) V5 (), T}
¥ Ve > clocktm)  k=42.3,
where V denotes the occurrence time of the generical event &g F.
According as the selected event .s of the l-st, 2nd, 3rd ox 4th
type, one of the following seta of mesignwent rules in ehemen.

Esch @et involves a different sequence of sogignments %o

gtete veriables defimed adbove.

4.6.1. Cese of sn event of the letetype (elmwm)Ele, , -, &4

g

In this cese are faced with sn errivel eveut. Lot ug sssume
that the srrivel is on gueue number p, that is r‘m‘f&i”'% “%(Pamﬁ
The simulasticn progrsm will then enter an event woullne whieh

will meke the following chenges in sequeRtss

QJ‘(MM):ﬂj"’M) ; ;-or' /.=4""'C , JFP
zzfylmw}: rpim v 1),

4 i‘g}m\}‘i} 7 [/;in’ Fel” }:45 ey © 4R
fa,{f}mv(q} ,f";/,f"::..'*
e é;,mw;!} = rj'{, mif

By gl d

C{oc,'!. {rmed) s Vqt'F,m} ,

\1;3 ,‘ , Meal o V( it 4, ¢ 1307,

3
vy (0 mid) x docL\mM; P e,
IOl meg)
/4 {

ek e d) s 4 8 ,"’ [MW;} “ :)} Al b(mn} :i)j,

AN IRT

{
Yy (rneal
%

. olhg w58
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In the firast case V2 represents the end of the holding time of
the Q(p. med) - th user. In the mecond case this time caznot be

forecast and then we set 1t to en infinite value.

{ktm}p) ) -
, ):O] alkm) Ep].
( elock (m+1)+ Z)GU“”"//’/ o (f Llimi=0] A

¢ - ]
VBU’H*M) = z\/_;(m) ;. olherwise

Similerly, in the first of the two cases, V3 represents the end

time of the r. (kim),p, m+1)

3 -th setup operstion.

3.6.2. Case of an event of the 2nd-type (e(m+d)=e.,, )

In this case we sre faced with an end of holding time event,
Thet is min{.. ] = Vz(m) and {tm) iy the number of the queue on
which the event ham tesken place. The corresponding routine will

have to do the sequence:

A (mad) = nple) Jih e J'Mm),

My 1194 = gy (1),
"y (J'mu)” = ] f“(d'"m)”,
r*[J‘M*4): Q(J‘,mj, JrA e, J?f(m)/

G (lm), mad) = 53 (Elmdy m) 44
”G“:J'MM) I = llf;((,(;',m)u,
{(maa) = )’;fD),

Kims): £, (D),
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where D le the seiup discipline,

cloglk (mea) o Ve [ )

7
v"‘(‘“m‘wg} = V‘E (Jl"") J.: ‘izl;"’,c ’
[ cloct tmm) 4 g ™" , (f [eim +4) 20T Afklm ¢4} =T,
V‘Limms‘ﬁ : f Glim) m)sy
j\ s . otherwise,

Iz the first came V, provides the end time of the next holdinrg

overstion on the current queue. In the gecond case, V

g
o pecau-e it im not pomsible to foresmst this 4
gueuns & la presently sthscehed to lg ampiy.
Cuom ) Emot) e t v
Clock (m+d) § yoak DE{m PO ] A
e kim ) ) 0d C b ]
Vs fataa) = 3lm ) ki) b Lhma) o]
35
f{\ R , otherwise
/
Similerly V3 provides the end of the next metup omly in cueae
the gueus S is presently serving is empty.
3.6.3. Cmse_of an svent of the Jrdeiyves (&(wmsi)s € !}
TR
In this caee we nave to fece with en endesf-metun evest Thet

Pwly Bl ppgride the mumber of

Hhe @etup Opexetl
W OF

evant routine will heve to de

in mequ

i - ‘l-‘
2 (omotdi sy
P ‘“‘i"i\) -~ T few
5 oK yo= U ;;:'L'Wf’.
*} \);M‘I u'm\: v ) PN o

i : ;o= hyaud .

/

e
(\M44;~\'{F‘r’)}
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clock (rmyq) = Va(”d/

Vﬁ('jjmﬂ)zy,,(‘},'ﬂ)l /J':4,.,~,C/

V, (w44} = Clock (a4 i)
1 ;

) ? m
: LYy M},m)M}
V3 (M} = co,

78 provides the end time of the holding that begins on queue
((”1*4> thst S hes reached becsuse of the setup we have glmu-

lated.

3.6.4. Case of mn event of 4thetype (€(rm+4) = €cpa) .

This section of the simulation progrem ism entered st the
end of the simulation run, It is supposed to make statisticel
evaluztion on deta that were collected during the course of the
simulation, and to print the results. Nemely it will provide
estimations abouit the stochastic process P(t). For the sske of
conciseness we did not represent the operation for date collec-
tion. It is however clear that this should be done periodicslly
during the course of the simulstion sccording to known ssmpling

techniques (1],
4. CONCLUSIONS

A method has been introduced for the description of s simu-
lation model at en intermediste level of its development. The
description pleces itself midwey between the level of & genersl
flow chart end that of the coded simulation progrsm level, This
approach improves the model by combining the festures of the
deteil snd understandability, two prevequisites for the proof
of correciness snd the mschine generstion of the simulation

code.
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