Solution of the simulation design exercise

Discrete event simulation

Below we present the object model dfienulationframework.As the conceptof
abstract classes forms the basis of every framework we discuss this aspect first.

S.1 Abstract classes and abstract coupling

Classes that define common behavior usuallpalaepreseninstantiableclasses
but abstractions of them. They araled abstractclassesIt doesnot makesense
to generate instances of abstract classes since some mathabstractand have
empty/dummyimplementationsThe generalideabehindabstractclassess clear
and straightforward:

» Properties(that is, instancevariablesand methods)of similar classesare
defined in a common superclass.

» Some methods of the resulting abstract class can be implemehtiedonly
dummy or preliminaryimplementationscan be provided for others,which
are termed abstract methods. Though abstract methods cannot be
implemented their namesand parametersare specified since descendants
cannotchangethe methodinterface.So an abstractlasscreatesa standard
class interfacdor all descendants. Instances of all descend#Hras abstract
classwill understandat leastall messageshat are definedin the abstract
class.

Sometimesthe term protocol is used forthis standardizationproperty:
instances of descendants of a classipport the samprotocolas supported
by instances oA.

The implication of abstractclassess that other software componentdbasedon
themcanbe implemented Thesecomponentsely on the protocol supportedby
the abstractclassesthat is they are abstractlycoupledwith the abstractclasses.
Most important,thesecomponentsnteractproperly, that is without change and
recompilation, with instances of all future extensions of the abstract classes.
In the implementatiorof thesecomponentsyeferencevariablesthat have
the statictype of the abstractclasseshey rely on are used. Nevertheless, such
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components work with instances adéscendantsf the abstractclassedy means
of polymorphism.(A descendantlass inherits from another class, but not
necessarily as direct subclass.) Due to dyndmmiding, suchinstancesanbring
in their own specific behavior.

The keyproblemis to find usefulabstractionso that softwarecomponents
can be implemented without knowing thgecific detailsof concreteobjects.The
casestudy of a discrete event simulation framework illustrates among other
aspects the central roté¢ abstractclassesn connectionwith abstractcouplingin
the realmof frameworkdesign.The simulation framework presentecby Reiser
and Wirth (1992) inspired this case study and its underlying design.

Case study: discrete event simulation
Discrete event simulation is intuitive to understand eanrube appliedto a variety

of problems.Thoughmany think first of modeling waiting lines in stores or
banks, discrete event simulation can also form the backbone of network
configuration tools and work flow systems, to name just a few.

Eventswith an associatedime representa centralentity in discrete event
simulation. Events, such as customer arrivals, are schedulethbg@nnumber
generatorThe simulation progressesrom eventto eventon the time axis and
gathers relevant statistics.

As a consequencegventsare one of the key abstractionsn a simulation
framework. In their presentatiorof a simulationframework, Reiserand Wirth
(1992) call this key abstracti@ttor. “The main simulationprogramalwayspairs
an action with an event. ... We call tlidjectan actor.” So actorsknow what to
do when they receive certain messages.

Figure S.1 suggestsa definition of the abstractclassActor in the Unified
Booch & RumbaughNotation (Booch and Rumbaugh,1996). The Additional
Reading, Part | summarizes those aspects of the Unified Notaticard¢inatkevant
in the realm of this white paper.Actors have aninstancevariable time which
denotes the due time. Tladstractmethodcommit() is the only methoddefinedin
its protocol. The simulation framework calls this actor method upon due time.

Actor
abstract

time: long

Actor(t: long)

commit() { abstract }
A queue Figure S.1 Definition of abstract clasactor. representa further
important simulation entity.

For example,customergjueueup in front of serverstations.As the simulation
framework deals with actors, queues handle objects of this type.
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0 contains » *
Queue Actor

abstract abstract

Queue()

enqueue(a: Actor) { abstract }
dequeue(): Actor

isEmpty(): boolean

Pl N

FIFOQueue LIFOQueue SortedQueue
FIFOQueue() LIFOQueue() SortedQueue()
enqueue(a: Actor) enqueue(a: Actor) enqueue(a: Actor)
A queue can offer Figure S2 Queue classesthg First-In-First-Out
(FIFO) or Last-In- First-Out (LIFO) policy for

managinggueuedelementsBasedon the time attribute of actorsanotherqueue
type SortedQueue can sort entries according the duetime. Thesequeuediffer
in the methodthat enqueuesan actor. Figure S.2 shows the interface of the
abstractQueue classand its specific descendant§IFOQueue, LIFOQueue and
SortedQueue.

Besides factoring out common behavioispecific queuetypes, the abstract
classQueue is abstractlycoupledwith the abstractclassActor. This meansthat
gueues work with instanced all future subclasses ofctor. Sucha simple case
of abstract couplings mainly basedon polymorphismasthe methodsof queues
work with any type that is compatible Aetor.

Classsimulation implementsan abstracsimulationbasedon the protocol of
Actor. ThusSimulation is also abstractly couplealith Actor (seeFigureS.3). The
basicidea of the simulationframeworkis that any discrete simulation system
processes events (actors) that are due at a cpdminin time. So the core of the
simulationframeworkembodiedn the simulate() methodsimply iteratesover the
actors sorted by the due time, adjubEscurrentsimulationtime accordingto the
actor’s time and sendsthe commit messageto the correspondingactor. The
iterationloop ends wherthe simulationtime, thatis, the duration of the overall
simulation, expires.

Simulation Actor
abstract

time: long

manages time: lon
actors: SortedQueue 0 ges» * 9

Simulation() Actor(t: long)

schedule(a: Actor, time: long) commit() {abstract }
simulate(duration: long)
reset()

Thus, a Figure S.3 Abstractly coupled simulation ClassesSimulation

instance stores Actor
objectsin a SortedQueue object which is referencedby the instancevariable
actors. Theschedule() method inserts an actor according to its time this sorted
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S.2

gueue.Sendingthe reset messagédo a Simulation objectemptiesthe actor queue
and resets the simulation time, that is, assigns 0 to the instance wan&ble

Example S.1 shows the Java (Sun, 1996) implementation of method
simulate() in classSimulation.

public class Simulation {

public void simulate(long duration) {
Actor actor;
long endOfSimulation= time + duration;
do {
if (lactors.isEmpty()) {
actor= actors.dequeue();
time= actor.time;
actor.commit();
}else  // no more actors enqueued
time= endOfSimulation+1;  // exit loop
} while (time <= endOfSimulation);

To sum up, Example S.1 Generic simulation loop.the purpose of
abstract classesis that other
software componentsbasedon them can be implementedin advance.Class
Simulation implementsa genericsimulationloop basedon the protocol of Actor.

Simulation hasthe importantcharacteristi¢chat an instanceof this classinteracts
properly, that iswithout changeand recompilation,with any instancesf future

subclasses dfctor that bring in theirspecificbehaviorby overridingthe commit()

method.

White-box versus black-box design

The characteristic of white-box frameworks is that programiaygpsy inheritance
to overridemethodsin subclasses oframework classesn order to accomplish
adaptationsOn the other hand, black-boxframeworksoffer ready-madeclasses
whose instanceallow adaptationdy merecomposition.White-boxframeworks
typically evolve into black-boxframeworksover time, that is, after numerous
casef reuse.Below the simulation framework serves asan exampleof how

such an evolution takes place.

The simulation frameworko far represents pure white-box frameworkin
its early designstage.In orderto simulatea simple cashdeskin a convenience
storewith a single waiting line, extensionsof the basic simulation framework
become necessary. These extensions should be desmytied future single-line
simulations can reuse them as black boxes.
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Figure S.4 Single-line simulation with (a) one and (b) several serve

Figure S.4 illustrates the principal components sihaulationwith waiting lines.
Customersare createdrandomly by a customergenerator A server processes
customer requests. If the server is busy or not available, custqoearsin front

of the server. Both theaiting lineand the corresponding server(s) form one unit.
We refer to it aservice station

Black-box components on top of a white-box framework
Service stations may differ in several wagsservicestationcan eitheroffer one
or several servers (see Figure S.4 (a) and foythermorejn manysimulations
it is fine to assumethat service stations have unlimited spacefor customers
gueueing up in the waitingne. In other casesJimitations of the waiting line are
necessaryServicestationscan, for example alsodiffer in the queueingpolicy.
Below we discussthe simplest type of service station that has no space
limitations, that offers only one server and that queuesub®mersaccordingto
the FIFO principle. The more simulationswill be built with the framework the
clearerit will be which black-boxservicestationssatisfy simulation needsbest.
The framework willthan comprisenumerousservicestationsso that the chances
are high that new simulationsjust requirethe appropriatecompositionof ready-
made service stations and customercomponents.Note that both black-box
componentsthatis, servicestationstogetherwith customersyrely on the time-
dependent notification mechanism provided by the basic white-box framework.
Let us now focus onthe dynamic aspectsof the simulation framework
extension Accordingto Figure S.4, a customergeneratoicreatescustomerghat
interactwith a servicestation. Thusa newly createdcustomerrequestsa service
from a service station. If a server is available, the customer is immediateld,
otherwisethe customerentersthe queue.By conventionthe messagectivate is
sentto the customerwhose turn it is as soon as a serveris available. The
customer, that is, his drer requestdetermineghe serviceduration. After being
served the customer receivibe commit messageiponwhich he or shefreesthe
server and leavesthe simulation system. Figure S.5 illustrates the principal
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aspects of the interactions between a customeitsisdrvicestationby meansof
an interaction diagram.

: Simulation : SimpleServiceStation c: Customer

requestService(c)

customer enters system

customer waits

for server
activate()
comm|t() customer is served
free()
customer leaves system
Figure Figure S.5 Interaction between simulation componentg 6 shows the
class diagram  of

SimpleServiceStation and Customer. The reasonwhy Customer is a subclass of
Actor, whereassimpleServiceStation is not derived fronactor is explained below.

Actor
abstract
SimpleServiceStation Customer
waitingLine: FIFOQueue 0 serves» *| arrivalTime: long
requestService(Customer c) ‘czlﬂnmit()
free() activate()
Example Figure S.6 ClassesimpleServiceStation andCustomer. S.2 lists the
impleme ntation of the

methodsequestService(...) andfree() of classSimpleServiceStation.

public class SimpleServiceStation {

public void requestService(Customer c) {
if (no customer is in the waiting line)
c.activate();  // server processes customer request
else
waitingLine.enqueue(c);
/I gather waiting line statistics
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public void free() {
Actor actor;
/I gather waiting line statistics

if (customers are in the waiting line) {
actor= waitingLine.dequeue();
if (actor instanceof Customer)
((Customer)actor).activate();

Example S.2 Implementation details of a simple service static

RememberclassActor of the basic simulationframework. The idea is that all
simulation components which have to be notified at a certain pdim@become
subclasses ofictor. As the ordinary station discussedabove has notime-
dependent behavior, such as out-of-service periods, there is no need to define it as
subclass ofactor. On the other hand, the customergeneratorand customers
require time-dependent notification.

public class CustomerGenerator extends Actor {
SimpleServiceStation station;
Simulation simulation;

public CustomerGenerator(long t, SimpleServiceStation s, Simulation sim) {
super(t);
station=s;
simulation= sim;
}
public void commit() {
Customer c= new Customer(...);

station.requestService(c);

simulation.schedule(new CustomerGenerator(...), // actor
simulation.time +
(long)(RandomNumbers.negExp(station.arrivalRate))

Example S.3 Implementation details of the customer generat

A customer generatorrandomly createscustomers.Arrival events follow a
negative exponential distributioparameterizedy the averagerate of eventsper
time unit. Thus weadaptthe simulationframeworkin methodcommit() of class
CustomerGenerator SO thata new customeris createdand the next arrival event,
that is the nextustomerGenerator actor, is generated and scheduled. ExarSp&
lists the relevant aspectsof the implementationof class CustomerGenerator.
MethodnegExp(...) is imported from a packagandomNumbers and calculates the
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appropriaterandom numbebasedon the averagearrival rate of customersin
orderto initialize the simulation,a first customerarrival hasto be scheduledby
passing a&ustomerGenerator object to asimulation object (sedater on in Example
S.5).

Customerause the time-dependennatification mechanismof Simulation in
the followingway: As soonasa customelris activatedby a server,the customer
schedulests endof service.Thus, the Simulation object invokes commit() when
the serviceperiodends,andthe customerfrees the serverin the servicestation
(see Example S.4).

public class Customer extends Actor {
SimpleServiceStation station;
Simulation simulation;
long arrivalTime;

public Customer(long t, SimpleServiceStation s,
Simulation sim) {
super(t);
station=s;
simulation= sim;
arrivalTime= simulation.time; // for statistical purposes

public void commit() {
station.free();
/I gather statistics regarding the waiting time

}

public void activate() {
simulation.schedule(this,
(long)(RandomNumbers.negExp(station.avrgServiceDuration));

Figure Example S.4 Implementation details of customersg 7 shows the

class hierarchy of the
basic white-box framework and its black-box extensiditie that the black-box
subframework has no abstract classes.

White-box Simulation 0 managesp  + Actor
components abstract
0 manages »
SimpleServiceStation Customer CustomerGenerator

Black-box components

Figure S.7 Black-box and white-box components in the simulation framewc
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Black-box composition

The black-box frameworkomponentustomerGenerator, Customer and Simple-
ServiceStation together with the generic time-dependeatification mechanisnof
the basicframeworksuffice to composenumeroussimulationsthat are basedon
the specifictype of servicestationsupportedby classSimpleServiceStation. The
sourcecodeof methodsimulate(...) in classConvenienceStoreSim (see Example
S.5) does such a sample composition.

public class ConvenienceStoreSim {

public void simulate(int avrgServiceDuration, int arrivalRate, int duration) {
SimpleServiceStation station;
Simulation simulation;
CustomerGenerator generator;

simulation= new Simulation();
station= new SimpleServiceStation(simulation, arrivalRate,
avrgServiceDuration, ...);
generator= new CustomerGenerator(0, station, simulation;
simulation.schedule(generator,
0); // start with the customer generation
simulation.simulate(duration);

station.provideStatistics();

Example S.5 Composition of a point-of-sale simulation of a convenience stc

Such a configuration lends itself to aecomplishedy end userswithout having
to write one line of code. End userscould specify simulation scenariosby
interactive GUI editors. These editors would offer all available black-box
components for compositions.

Design considerations

The black-box classesin the current developmentstage of the simulation
framework represent components that can be reused very easily if theiratesign
implementatiorfit exactly. If this is not the case,programmersvould develop
further black-boxclasseghat extendthe abstractclassesof the basic simulation
framework. What does this imply for a further design refinement of the simulation
framework?

First of all, the frameworkwould require several servicgtationtypes that
will be implementedanalogoudo the simple one discussedabove. Probably,
these stationshave enoughin common so that a further abstractclass, for
example,called ServiceStation, factorsout the commonalities.If programmers
don’t find the appropriatestationtype in the framework,they could developthe
adequate onby just specifyingthe differencesto this more generalstationtype.
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S.3

So not all stationtype implementationsvould haveto startfrom scratch.As the
developmenbf further stationtypeswould go beyondthe scopeof this white
paper,we refrain from comingup with an appropriateabstractclassfor service
stations.

Another problem of the current design is that the classesCustomer,
CustomerGenerator and SimpleServiceStation aretightly coupled.What doestight
coupling mean irthis contextand what are its implications?SimpleServiceStation
instancegely on the protocol of Customer objectsand vice versa.A Customer
object providesthe methodscommit() (inherited and overridenfrom Actor) and
activate(). A service station sendsthe activate messagein order to signal a
customerthat a serveris availableandthe servicecan start. On the other hand,
objectsof the classesCustomerGenerator and Customer rely on the protocol of
SimpleServiceStation. Now think of a station type which also allows the
simulationof serverbreak downs. Probably, customersshould be notified of
breakdowns. Thus, not only the stationtype but also a specific customerand
customer generator class have talbgelopedIn otherwords, future simulation
requirementghat cannotbe handledby the available black-box classesmight
always imply the development of all three simulation entities.

Furthercasestudiesin the realm of the workshop discussmeansto make
frameworks more flexible. Some tife proposedmodificationsof the simulation
framework partially loose the rigidity of the black-boassesandthus contribute
to the decoupling of these simulation entities.
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