8. MODELSWITH UNEQUAL INTERVAL TIMES.
DISCRETE EVENT SIMULATION

8.1 Problemswith continuous simulation. In certain problems continuous simulation, in vhic
thesimulation clock advances with equal timeintervals andall variables are supposed to
changein each interval, may result inefficient. For example, the modeaafueue in a bank
window can be programmed by such a method. At gdehval time it must be asked if a new
arrival or end of service will occur in the intetv@ihe interval at which the event will occur
must have been scheduled before. But these evappeh at random times, may be separated by
small or large time intervals. If the adopted fitarval is large, many events may happen in the
interval and the result of the simulation may depehthe order in which these events are
considered. If the interval is made very small\oid this problem, then many intervals will be
considered in which nothing happen. And this isardy a waste of time, but it is also
unnecessary. In fact, when the future event isddid for a future interval, the exact time of
the future event occurrence is known and thereise®d to find it by exploring successive
intervals of time in which nothing happens. Theusioh is obviouslyafter processing an

event, to go to process the next one, advancing the ssmulation clock to the time of

occurrence of thisnext event. This tactic was adopted in 6.2.2 ¢) example 2 fethod can be
generalized to more complex cases. This idea ibdke ofliscrete event ssmulation.

8.2 Discrete event simulation. The method applies to a system in whilsh state variables
change only at certain instant in the time (events) and are otherwise constant. In the example
6.2.2 c) it was seen that the state variables {teofgthe queue, state of the clerk, and type and
time of the next event) only change when an ariawaln end of serve take place. In more
complex systems may be many types of events.

Example. In an airport, there are the following types oéetr an airplane takes the runway, an
airplane leave the runway, an airplane take the fpaitthe passengers, or it depart from the gate.
If the model includes the passengers other eveatgassible: a passenger arrives to the queue in
the ticket office, a passenger finish to buy tleket, (it may be different events of this types in
different ticket window), the passenger enterswhéing room, etc. The movement of baggage
may also be considered given many other event types

At each event some state variables may change@mavents may be scheduled. For instance
when an airplane reach the gate 1, the variablee“atate” passes from the value “free” to the
value “occupied” and the event “the airplane abasdgate 1” may be schedule for a future time.
Many processes occduring the same time in an airport, btithe description ispossiblein

terms of events, these events may be sequentially ordered in time, and they can be executed

one by onein a sequential computer. For example during the time in which the planesru
through the runway a passenger may be buying atti¢kese are simultaneous processes and
cnnot be taken into account by a sequential compBte the times in which the plane takes and
leaves the runway and the times in which the pagsestart and finish the buying of the ticket
are separated and can be ordered in the timeh&pnay be considered sequentially by the
simulation algorithm in a sequential computer.
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If two of them must occuat the same time, some priority criteria must be gikeedecide what
happens first. An usual criteria is to executd fing one that was first scheduled for that time.

The system analysis consists in finding the evantsdetermine, for each event, what variables
must change and what new events must be schediledyeneral algorithm for the model is the
following:

Read or define data:

initial values of the variables

in particular: Type and Time of initial events
system parameters

simulation parameters: TSim simulation time
Inicialization:

Accumulators for statistics to O

TIME <0

Algorithm:

Next: IF TIME>TSim THEN GO TCFinal

examine the next event (the one with lower timeadurrence).
See the Type and event time (Type =1,2,...N)

TIME - event time

GO TO Type (1,3,..,N)

1: change the variables for event 1
schedule new future events
collect statistics
GO TO Next

2: change the variables for event 2
schedule new future events
collect statistics
GO TO Next

N: change the variables for event N
schedule new future events
collect statistics
GO TONext

Final: Write Statistics

STOP
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The schedule can be made putting the “event elémgre of event , and time of future
occurrence (EvTy, EVTi) inlast ordered by increasing event time. This is called FEL

(Future Event List). To add an event it is necessary to intercalaestrent in the FEL at the
appropriated place to maintain the FEL orderednoyeiasing time (a new scheduled event may
have a time less than a previously scheduled dmefake the next event the first of the FEL is
taken.

Example. In an avenue of one way there are two trafbt for pedestrians at a distance L.
The part between the two lights is called the track

The cars arrive at the traffic light 1 with expotiahtime arrival times with mean TBACar. If a
car found the traffic light in Red or there is a&qa (fixed or moving) or the track is full the car
is added to the queue 1. Otherwise (light greed rex queue, and space in track) it pass the
light and enters to the track. After this, it gd@wards the next traffic light advancing the
difference between L and the length of the queubatitraffic light. If there is a queue, or the
light is red it is added to the queue 2. Otherutigxit the system instantaneously.

The pedestrians arrive at the cross at times betagevals with exponential distribution. If the
light for the cars is red they cross the avenukifihis green they do not cross. As it is assdme
that the pedestrian know how much time the light r@main red they stop crossing before the
lights turns green again, so a pedestrian thasstesssing with red light will arrive safely toeth
other side and will exit the system. If the pedass find their light red does not cross but the
first one push a bottom to put the light for thesoad, which remain red for a certain time. The
pedestrians do not form queue. After they putmad the traffic light red for the cars they exit the
system immediately.

The physical length of the queue is their lengthars multiplied the length of a car. If the track
is of only one lane this last is the physical léngt the car plus a normal distance between cars.
If there are n lanes this length must be dividedh psince each car adds (as an average) 1/n of
that physical length.

ALGORITHM DESCRIPTION

Input data

State Variables:

Quel-~0 initial number of cars in queue 1 (geéuength in cars)
Que2-0 initial number of cars in queue 2 (ga@dength in cars)

TraLitl — Green initial status of traffic light 1

TraLit2 — Green initial status of traffic light 2

Schedule car arrival at 1: Typd EVT-0 S FEL

Schedule pedestrian arrival at 1: Typd EvVT~ 15 - FEL

Schedule pedestrian arrival at 2: Typ® EVT ~ 22 - FEL

Parameters of system:

TBACar —~ 3.7 mean time between arrivals for cars

TBAPedl— 12.5 mean time between arrivals for pedestrédris

TBAPed2~ 17.0 mean time between arrivals for pedestrares

TimRedl — 15.0 time the signal for car remain Red forgstdan crossing at 1
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TimRed2 — 18.0  time the signal for car remain Red fatgstrian crossing at 2

L ~ 80 length of the track
CarLen 2.8 length of a car (divided the numberaofds in the track)
Vel <10 speed of the cars

Parameters of simulation:
TSim < 7200 total simulation time

I nitialization

SumQuel —~ 0 to accumulate the sum of: length of quea¢hk last interval
in which the queue 1 aémed unchanged

SumQue2 ~ 0 to accumulate the sum of: length of quex¢h2 last interval
in which the queue 1 a#med unchanged

Sum2Quel- 0 to accumulate the sum of: square of length eLigulxthe last interval
in which the queue 1 a#med unchanged

Sum2Que2- 0 to accumulate the sum of : square of lengthueiug 2the last interval
in which the queue 1 aémed unchanged

LasChal O to keep the time of the last change in the queue
LasCha2 0 to keep the time of the last change in the q2eue
MaxQuel — 0 to keep the maximum of queue 1

MaxQue2 — 0 to keep the maximum of queue 2

TIME <0

Processing the events:
NexEve: IF TIME=TSim THEN GO TCFinal

Extract the First Event (Ev,Ti) of FEL. Put timokthe event time in: EvTim, event type in:
EvTyp

TIME — EvTim update the simulation clock putting ithe time of the new event
NextEvent:
GO TO EvTyp: jump to event number (1,2,3,...9)

1. arrival car totrafficlight 1
Schedule Next Arrival at traffic light 1: Evy 1, EVT=TIME+EXPO(TBACar)
IF Quel=0 AND TraLitl=Green AND QueELarlen<L if path is free
THEN send watrack
Schedule Next arrival at traffic light EvTy — 2
EvTi TIME+(L-Que2xCarLen)/Vel
ELSE if path is not free inase the queue
accumulate the values of queue lergfile interval in which that length remained
P~ Quelx(TIME-LasChaTl) SumQued SumQuel+P
Sum2Quel Sum2Quel+P*P
LasChaT- TIME update time of lastcdge
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Quel- Quel+l update queue 1
IF Quel>MaxQuel THEN MaxQuelQuel update the maximum of Quel

2. arrival car to trafficlight 2

IF Que2=0 AND TraLit2=Green if path is free
THEN
Schedule Next exitcar: EvRY3  EvT— TIME
ELSE if path is not freerease the queue

accumulate the values of queue lergtle interval in which that length remained
P~ Que2<(TIME-LasChaT2) SumQue2 SumQue2+P

Sum2Que2 Sum2Que2+P*P

LasChaT2 TIME update time of last chang

Que2- Que2+1 update queue 2

IF Que2>MaxQue2 THEN MaxQue2Que2 update the maximum of Que2

3. exit car
accumulate the values of queue lergfile interval in which that length remained
P~ Que2x(TIME-LasChaT2) SumQue2 SumQue2+P
Sum2Que2 Sum2Que2+RP
LasChaT2 TIME update time of lastcige
Que2- Quez2-1 update quue

4. arrival of pedestrian at traffic light 1

Schedule Next pedestrian arrival at traffic ligtEdTy — 4 EvTi~ TIME+EXPO(12)
IF TrLil=Green

THEN first pedestriart plue traffic light red
TrLil— Red

Schedule Next light change: EMI8 EvTim— TIME+TimRed1
Schedule next exit of pedestrian at 1ye¥15 EvTim < TIME

5. exit of pedestrian from trafficlight 1

6. arrival of pedestrian at traffic light 2
Schedule Next pedestrian arrival at tedffjht 2 EvTy— 6 EvTi — TIME+EXPO(15)

IF TrLi2=Red
THEN
TrLi2:=Red

Schedule Next light change: EvWT® EvTim~ TIME+TimRed2
Schedule next exit of pedestrian at Tye— 7 EvTim~ TIME

7. exit of pedestrian from trafficlight 1
8. change of trafficlight 1

TrLil:=Green

IF Quel>0 AND Que2CarlLen<L if there are cars in queue 1 and pafree
THEN
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Schedule Next arrival at traffic light EvTy — 2

EvE TIME+(L-Que2xCarLen)/Vel
accumulate the values of queue lengthgithe interval in which that length remained
P~ Quelx(TIME-LasChaTl) SumQued SumQuel+P
Sum2Quel Sum2Quel+RP
LasChaTl TIME update time of last cgarin queue 1
Quel- Quel-1 update queue 1

9. change of trafficlight 2
TrLi2 — Green

IF Que2>0 there are cargunue 2
THEN

Schedule Next Event exitcar EwI¥ EvT~ TIME
accumulate the values of queue lengthdithe interval in which that length remained
P— Que2*(TIME-LasChaT2) SumQue2SumQue2+P

Sum2Que2 Sum2Que2+P*P
LasChaT2 TIME update time of last charin queue 2
Que2- Que2-1 update queue 2

GO TONexEve

Final: compute and write statistics

AveQuel- SumQuel/TSim;
DevQuel- sqrt((Sum2Quel-SumQuel*SumQuel/TSim)/TSim);

AveQue2- SumQue2/TSim;
DevQue2- sqrt((Sum2Que2-SumQue2*SumQue2/TSim)/TSim);

WRITE (AveQuel,DevQuel,MaxQuel, AveQue2,Des®)MaxQue?2)
Procedures and functions

Proceduretoinsert an event element into the FEL ordered by time

The first element of FEL is pointed by PFirst.HetFEL is void it contains NIL

The values of the type and time for the event arergin the variables EvTy and EvTi
Create the element with fields EvTyp, EvTim, Poiexil pointed by PNew:

PNew- (EvTyp, EvTim, PointNext)

PNew.EvTyp ~ EVTy pass the given type to the element

PNew.EvTim — EVTi pass the given time to the element
PNew.PointNext- NIL the pointer to the next points nownim element

Put the new generated element in the FEL
IF PFirst =NIL
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THEN the FEL is void put the generated elenaarthe first one
PFirst- PNew now PFirst points to the new
ELSE the FEL is not void, it must be sbad to find the first with greater time
PSearch- PFirst the pointer used to search points nothedirst element of the FEL
REPEAT WHILE PSearetNIL OR EvTim>PSearch.Tim
search while the searched is not teeda FEL or it has a time less than the new
PPrevious- Psearch keep the pointer to the actuarbehanging it
PSearch PSearch.PointNext now PSearch points toaheving, repeat

The repeat is finished because one withtgrdime is found or the FEL is exhausted
if the search finished by finishing thd bsld the new after the last, which is ponited
by PPrevious
IF PSearch=NIL
THEN
PPrevious.PointNext PNew the last now points to the new
ELSE if the search finished becauseaR®epoints to one with greater time than the new
must be intercalate between tieeipus and the searched with higher value
PNew.PointNext — PPrevious.PointNext the new points to the seafch
PPrevious.PointNextPNew and the previouspoio the new
End of the procedure

Procedureto extract thefirst of the FEL

IF PFirst =NIL
THEN WRITE( Error: Trying to Extract from FELoid)
ELSE
EvTy « PFirst.EvTyp pass event type to the véei&3vTy
EvTi — PFirst.EvTim pass event time to the vdedvTy

PFirst — PFirst.PointNext the first is now the followigr NIL)
End of the procedure
Function that returnsarandom value from an exponential distribution with mean M
Function EXPO(M)
IF M<) THEN WRITE(Error: Exponential with non positivesan)
EXPO ~ —MxIn(RANDOM)
Where random is a function that returns one (pserahdom number from a distribution
uniform in (0,1)
End of the function

8.3 Problemswith the event simulation. Process oriented simulation languages.

The program is rather complex in spite of many dificptions . The main difficulty is to get a
correct and complete specification of the evenesides, the program is not complete. The
gueues are nor really simulated, only a bookkeepintheir length is registered. To take into
account the average delay of the cars in the quéuesuld be necessary to represent the queues
by lists of elements representing the cars, andtergn each element the entry time and the exit
time in each queue. The total delay in the systeththe degree of crowding of the track may
also be important. Other statistics, as the tatatlmer of cars and pedestrians generated may be
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interesting in order to check the correctness efptogram. The gathering of all this information
made the program complex even in this trivial exemp

Approaches to simplify the programming has beenensiigce 1960. One important idea was to
create a language in which the user can descrésutcessive changes that the movement of an
element (like the cars in the example) throughstystem introduce in the system and in the
characteristics of the element. With this inforraata compiler may create the program to do the
simulation. This was successfully done by Gordash @thers in the GPSS language. The
language consists in a repertory of “blocks” ofelént types, and moving entities (in the GPSS
they were called “transactions”) that move from biak to other. The blocks can generate,
move, stop, transform, and destroy the transactt®oghe user describes only the process at
which the moving entities are submitted and thengka in variables that these entities produce,
which is more easy that the finding and specifaratf the events. The languages based in this
idea are calleg@rocess oriented simulation languages.

Example. Consider a bank teller that serves 1000 clientsdbime at random with interval times
taking from an uniform distribution between 3 andhinutes. The service takes a random value
between 1 and 7 minutes from a uniform distributibime GPSS program (with comments of the
meaning of each instruction) is as follow:

GENERATE 5,2,0,1000 generate 1@0saction starting at TIME=0, with
random inter-arrival times from 5-2 to 5+2

QUEUE LINE thamsactions enter in a queue that was called LINE (i
may be another name)
SIZE TELLER a fiiy, (that was called TELLER, and it is descridega

variable that has two states: free, engagdid)vs the
transaction to pass only if it is free, thieis put in engaged

DEPART LINE when ttransaction is allowed to pass it abandons the
queue called LINE. The TELLER continues egyegh
ADVANCE 4,3 a ramdwalue between 4-3 and 4+3 indicates the

simulation time during which the transactisield.
RELEASE TELLER after suchirae the TELLER is put again free allowing

other transaction in LINE (if any) to tatkee TELLER
TERMINATE thatrsaction is destroyed

START 1 1 is subtracted from the number of transactioneto b
generated (originally 1000). When it ih@ tun stops.

This description (without the comments, of couisead by a compiler that generates a
simulation program (something similar to the abpx@gram) that makes the simulation. A
complete statistics is recorded during the simaitaéind printed at the end including size of the
qgueue (final, mean, deviation, maximum, minimurhg time during which the transactions
remain in the queue (maximum, minimum, mean andadien), the time of occupation of the
facility (maximum, minimum, mean) the proportiontbé simulation time during which the
facility is engage, the number of transactions #mér each block, etc.
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The language was endowed by a lot of facilitiepidal distribution functions, possibility to
attach values to the transactions (called parasietaany types of blocks that can stop
transactions according to logical conditions, sedtransactions to specified blocks, use and
change the values of the parameters, synchronizmtvement of transactions. Use of tables,
facilities to generate reports, possibility to in@orate procedures written in FORTRAN gives to
the language a great flexibility.

GPSS was used in many applications. Although it sugeerseded by more sophisticate
languages, it was a model for many of the new laggs like SLAM and SIMAN (see chapter
9). New versions of the GPSS for PC are desciilye@hisman 1992.

In Chapter 9 the GLIDER language will be introdudieat allows to mix, in a direct and natural
mode the continuous and discrete event simulaliotihe GLIDER language the blocks are
callednodes, and the transactions are calladssages. The instructions for the above program in
GLIDER language are:

Arrival (1) :: IT:=UNIF(3,7); théype | node produces a message each IT time
Units (IT takes its value from a umih distribution)
and send it to the successor nodes (tier next one)

Teller (R) :: STAY:=UNIF(1,7); the tyge node places the incoming messages in a
waiting queue, enters them one byioram internal
list and delivers them at times iraded by the STAY

Exit (E): the type E node destroys the messagdsérty the
Teller node

INIT TSIM:=200; ACT(Arrival,0); simulatiotime and first activation

DECL STATISTICS ALLNODES,; statistics forl &#ihe nodes are required

EXERCISES

1. Translate the code of the traffic light progrem8.2 to a general purpose language (Pascal, C,
Fortran) and made some experiments with it.

2. Describe the algorithm of a program for théoiwing system using the discrete event
approach :

Assembled TV sets are tested, which takes betwegd 95 minutes, 12 minutes being
the most likely delay. The unit entry the test mecat random time intervals with a
GAMMA distribution with mean 6 and deviation 1.tlme test section 8% failed to pass
the test and go to a reparation section whererg®gain a time with a GAMA

distribution with mean 32 and deviation 9. In teeair section 12% of the received are
definitely rejected and the other come again tagiseésection. Those rejected by a
second time are definitely rejected. The test sadtias two technicians that work
simultaneously. The repair section has only one.

Identify the events and indicate in natural langutige changes of variables and schedule
of new events in each event. Note than in this dasenecessary to simulate the moving
entities because they transport a characteri$tibgy have been repaired or not) that is
changed in a part of the system and are used ar.oth

99



BIBLIOGRAPHY

Chisman J 1992. Introduction to Simulation Modelwgjng GPSS/PC. Prentice Hall.
Englewood Cliffs, New Jersey. (A practical introtdon to simulation in a new version
of this old language, enhanced by graphic facd)tie

Schriber T.J. 1974. Simulation Using GPSS. Wileyy NA complete and detailed
exposition of the practice of simulation using GPB&resting yet for the quantity and
quality of the examples).

GLIDER Development Group, 1991: GLIDER Referencenhil.

CESIMO & IEA Universidad de los Andes Venezuela.

Edited by Interdisciplinary Research Center. SaggDiState University. College of
Sciences.

100



