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ABSTRACT

An overview is presented of SAS Simulation Studio, an object-oriented;kksed application for building
and analyzing discrete-event simulation models. Emphasis is given to Simulatidio’S hierarchical,
entity-based approach to resource modeling, which facilitates the credtrealistic simulation models
for systems with complicated resource requirements, such as preemptiondigdsissed are the various
ways that Simulation Studio is integrated with SAS and JMP for data manageménitbudisn fitting, and
experimental design.

1 INTRODUCTION

SAS Simulation Studio is a SAS application that uses discrete-event simulation td ammenalyze
systems. Simulation Studio is based on the Java programming language andilsie, ieneral purpose,
object-oriented package designed to provide the necessary modelirapalydis tools for users ranging
from novice to advanced. To facilitate the construction of simulation models, ualvigogramming
environment based on a flow chart paradigm is provided, along withgrammamatic interface for running
models in batch mode.

Simulation Studio provides a comprehensive set of model-building blockéeatures; however, it is
not designed as a black box that takes model inputs and mysteriouslycpsonhodel outputs. Instead, it
includes features that enable you to customize your models and tailor themttgonespecific modeling
needs. One modeling feature in particular that can be easily customized in SamBsudio is resource
management. In general, a resource is a system component that prestidies. Examples of resources
in manufacturing systems include machines, operators, space in stordggsfeed products, cranes, and
forklifts. Resources in a hospital include nurses, doctors, operatimgs, and beds in a recovery room.
The users (or consumers) of resources are entities (Schriber andd3r1998). The available resources
in a model might be unlimited, limited, or fixed. In the latter cases, entities may bé&eddo wait for
use of a resource. The number of available resource units may vangtioot a simulation run, perhaps
governed by a predefined schedule or random failure.

Resources are an essential part of most simulation models because téregaitrol or restrict the
flow of entities. In Simulation Studio, resources may be modeled as special afferarchical entities
that can be seized and released by other entities to fulfill varying resderoands. Furthermore, resource
entities can be assigned attributes and can flow through the model. Using epditsrtgl attribute values,
a specific resource entity can easily be located in a model, thereby givingséndine-level control over
resource behavior, such as preemption.

While an extensive collection of modeling tools is important in simulation softwakgraced analysis
capabilities are critical as well. Because analyzing the data generatedcbgtelisvent simulation models
often requires the use of advanced statistical methods, SAS Simulation Staésigeed to interact with
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both SAS (SAS Institute Inc. 2011a) and JMP statistical discovery sat¢@&AS Institute Inc. 2010b) for
analysis of simulation results. Data generated by a simulation model can easdydibas a SAS data set
or a JMP table, and it is possible to run a SAS or JMP program and utilize itsitadiiping a simulation
run. Simulation Studio also integrates seamlessly with IMP for design of expesimed input analysis.

The purpose of this paper is to provide an overview of Simulation Studioightight its modeling and
analysis capabilities. In Section 2, an overview of Simulation Studio’s orgaoral structure is provided,
while Section 3 describes Simulation Studio’s hierarchical, object-basedagpto resource management.
Section 4 highlights Simulation Studio’s data management and analysis capaliidieding distribution
fitting and experimental design. Section 5 summarizes the paper.

2 OVERVIEW OF SIMULATION STUDIO

The fundamental modeling objects in Simulation Studio include entities, data valoeks, ports, and
links. During a simulation, entities and data values can travel among blocksigfy serious processing
needs. Data values designate information such as numbers, characts, sind boolean values. Entities
are discrete objects that can traverse a simulation model and be assigbetkaitor properties. Simulation
Studio also enables the user to define new entity types possibly with their daultdstributes, in which
the primary usage of each new type can be as eithegubar entity or aresource entity. Both regular and
resource entities can be used to represent physical or conceptuadients in a model, such as telephone
calls in a telecommunications system, customers in a retail store, or ships inaa harb

In Simulation Studio, blocks are the most fundamental units used to build a maugi.biock typically
encapsulates some well-defined and specialized functionality. Communicatiwadn blocks occurs via
input and output ports, classified as value ports and entity ports. Forpsathe OutLength output value
port on a Queue block communicates the length of the associated queuding watities. In Simulation
Studio, the user creates a link between the ports on blocks to define a patiues or entities to flow
(SAS Institute Inc. 2011b). The OutLength port on a Queue block cazpheected, for example, to an
input port of a Formula block so that the current queue length is usedrasf@an expression whose result
is used to route entities to different parts of the model.

After a model is built in Simulation Studio, aexperiment is created to control the initialization and
running of the model. Simulation Studio includes an Experiment window that faylieontains columns
for controlling the system parameters (start time, end time, and number ofatepiis) for a model. The
Experiment window can also be used to control the initialization of block pasmehereby providing
an efficient means for investigating the effects of different input patarméorfactors) on model outputs
(or responses).

Models and experiments in Simulation Studio are organized pnbpects. A project must contain
at least one model and one experiment but may contain multiple models aniivexqis. Projects also
provide a storage mechanism for factor and response definitions gbhekiatan be shared across all models
and experiments in the project. When a model/experiment pair is executed, 8im@&idio must map
the factors and responses included in an experiment to specific blaketars in the model. This process
is accomplished usingnchors, each of which defines the link between a factor or response definad on
project and an actual block parameter in a specific model. This mappingdaehprovides an efficient
and effective means of reusing models and experiments, because multiplis caube linked to the same
experiment and a single model can be linked to multiple experiments.

3 MODELING RESOURCESIN SIMULATION STUDIO

For building models, Simulation Studio provides a comprehensive set of t@lgmtiudes standard blocks
for modeling fundamental concepts, such as queueing, switching (ochirey), cloning, and batching.
In addition, Simulation Studio provides unique and highly flexible tools for modefsources. Because
resources are a fundamental part of most simulation studies, we devotethisn to an overview of
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Simulation Studio’s resource modeling capabilities and, in particular, the ustatdnary and mobile
resource objects.

3.1 Stationary Resources

Entity holding blocks (such as Queue, Server, and Delay blocks) septrestationary resources in a
Simulation Studio model. These stationary resources are created at modiglgbtime and are used to
model one type of resource. Holding blocks have a capacity (which mafibie), and they hold or delay
entities for some period of time. Furthermore, entities may compete for availade gpa holding block.
This contrasts with nonholding blocks (such as a Switch block) in which entitsthrough without the
simulation clock advancing.

To illustrate the use of stationary resources, Figusbows a Simulation Studio model of a bank lobby
in which there are three tellers and one queue for waiting customers. Cusiorvals to the bank are
modeled using an Entity Generator block (labeled Arriving Customers). iaétic Source block (labeled
Interarrival Time) generates a sample from a specified distribution, anénkity Generator block pulls
that value through its InterArrivalTime value port to schedule the artinaéd of the next customer. When
an entity (representing a bank customer) leaves the Entity Generator hleschushed to a Queue block
(labeled FIFO Queue). The Queue block in this model has infinite capacity &rst-in-first-out queueing
discipline. When an entity arrives at the Queue block, it attempts to push thg tena Server block
(labeled Tellers). The Server block has a specified capacity of thikkeepnesents the three bank tellers.
If a unit of the Server is available (that is, one of the bank tellers is idlely, tine Server block accepts the
customer entity; otherwise, the entity waits in the Queue. When a unit of therSsgomes available, it
requests an entity from the queue. When an entity arrives at the Sdéoest b service time is sampled
from a Numeric Source block (labeled ServiceTime) and pulled by the S#maugh its InServiceTime
value port. Once the entity completes service, it is pushed out to the Displosér (labeled Departing
Customers) and leaves the system.
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Figure 1: The banking system model in Simulation Studio using stationaryroesou

In the model shown in Figuré, there are two stationary resources: the Queue block (with infinite
capacity) and the Server block (with finite capacity). Each block holds enfitiesome time period and
represents one type of resource. Using a holding block such as e&@ueuServer block is the simplest
way to model resources in Simulation Studio. However, if the system beingletbtias a complex
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resource structure (perhaps so that several different typesaidinges are required simultaneously to fulfill
a demand), then mobile resources would be needed.

3.2 Mobile Resources

Mobile resources, which are dynamic and created during the simulatioanm@inesource objects that flow
in the model. Mobile resources are a special type of entity (called a reseutity) and possess all of the
capabilities and attributes of regular entities. They can be processed aagedzy the blocks for regular
entities. All resource entities in Simulation Studio have a predefined entity attribaied ResourceUnits,
which is the capacity (number of units) of the resource. In addition to thelResUnits attribute, each
resource entity also has run-time state information, such as seized statesancte state, that is used by
the simulation system to perform resource management during the run. & user’'s point of view, the
resource state can be either functional or nonfunctional.

Most importantly, functional resource entities fulfill resource requireséy beingseized by other
entities (including other resource entities) in a simulation model. Once resentities have been allocated
and seized by a controlling entity, an entity hierarchy is formed with the confyaditiity at the top level
and each seized resource at the next level. The controlling entity themltypontinues to flow through
the model, along with its seized resource entities. In Figuran alternative Simulation Studio model of
the same bank lobby system described in Figlie shown. Recall that in the model in Figute the
bank tellers are modeled as a stationary resource (a Server blockje unalow or move through the
model. In Figure2, the bank tellers are modeled as resource entities, created at model rurvtirgatity
Generator block (labeled Create Teller) generates three resourcesefutiteefor each teller) at time zero
and sends those entities to a Resource Pool block (labeled Teller Pool)ttontvaneeded. The arrival
of customers to the bank is modeled in the same way as in Figukowever, as shown in Figui2 a
Seize block (labeled Seize Teller), a Resource Pool block (Teller Ro@lglay block (Hold Teller), and
a Release block (Release Teller) work together to reproduce the fualitijoof the Server block in the
model in Figurel.

When a customer entity arrives at the FIFO Queue block, the Queue bitifles the Seize block
(labeled Seize Teller) that a customer is waiting. The Seize block then ctoesds if a bank teller resource
entity is available in the Resource Pool block. If one is not available, theou$t®mer entity remains in
the queue. If a bank teller resource entity is available, the Seize blocktadte customer entity from
the Queue block, pulls a bank teller resource entity from the ResourdebPok, and attaches it to the
customer entity. At this point, a hierarchy of entities is formed. When the custenigy flows through
the simulation model, it brings the teller resource entity along with it. After seizintieat tesource entity,
the customer entity is sent to a Delay block (labeled Hold Teller) where it is ladébad with the teller
resource entity) until its service is completed. It is then routed to a Releaslewlere the teller resource
entity is extracted from the customer entity. The two entities flow out of diffgzeris on the Release block
and are sent to different locations: the customer entity is routed to a Displosdk (labeled Departing
Customers) and the teller resource entity is routed back to the Resourcbl®dglwhere it waits to be
seized by another customer entity.

A hierarchical entity-based approach to resource modeling greatly fgaslithe modeling of scenarios
that require multiple types of resources simultaneously. Any entity (includimg@urce entity) can seize
multiple resources of different types simultaneously and then release geghmps partially) as needed.
For this simple banking system, using a stationary resource (that is, ar ®doek) to model the bank
tellers is sufficient, and mobile resources are not really required. Hawsuppose at some point a bank
teller requires the assistance of a manager in order to service a custoanetig-scenario, the bank
tellers must be modeled as mobile resource entities as in FRjubdter seizing a teller resource entity,
a customer entity could then seize a manager resource entity. Following a(depagsenting service
time), the customer entity could then release both the teller resource entity amdilager resource entity
simultaneously, or it could release them at different points in the model.uBec¢he released resources are
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Figure 2: The banking system model in Simulation Studio using mobile resources

also entities, each can flow either to a holding block (like a Resource Poojitdonbe seized by another
entity or to other blocks in the model before returning to a Resource Podk.bimr example, suppose a
teller needs to complete clerical work before assisting the next customsrsdédmario is easily modeled
in Simulation Studio by sending the teller resource entity to a Delay block (emtieg the clerical work
completion time) before sending it back to a Resource Pool where it caeguéntly be seized by another
customer entity.

Even though the individual resource entities may be scattered throutieomiodel during a simulation
run, it is fairly easy to locate a specific resource entity usasgurce entity rules, which are defined using
entity characteristics such as type and attribute values. Once the resmtityeis located, its state or
capacity can be adjusted as needed according to a specified rescledells, or it can be allocated to
another entity to fulfill a demand.

3.3 Preemption

Simulation Studio supports two types of resource preemption: priority-lestdcheduled. Priority-based
preemption is used primarily for preempting stationary resources (entity lgoldocks), including the
Queue, Server, and Delay blocks. An entity that wants to enter a holdi Boconsidered to be a
consumer of the stationary resource represented by that block. Alloaztistationary resources usually
involves the acceptance of entering entities into the holding block to occag spreemption of stationary
resources forces out one or more entities currently holding a space bidttle The preempted entity is
pushed out a dedicated OutPreempt port and can be routed to anyf plaetraodel, as dictated by the
system logic. For example, an entity preempted from a Server block cavubedrfirst to another block
that computes its remaining processing time and then back into a queue to wsjilaf in the Server
block to complete its processing time.

To handle priority-based preemption, Simulation Studio provides an Entity pgGobject that is a
collection of entity references. An entity reference contains informatidrutiiguely identifies a particular
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entity. Thus, an Entity Group holds information about a collection of entitiespbuthe actual entities
themselves. Each Simulation Studio holding block has an OutHoldings portttiet ldocks can use to
access an Entity Group object that contains a collection of referencetitieeheld by the block. The
Simulation Studio holding blocks also each provide an InPreempt port tbeptscan Entity Group object
as input. These blocks compare the entity references in the Entity Grougt tijihe entities currently
held by the block and preempt any matches. With this design, it is possible émpteany number of
units of a stationary resource. Also, determining which entities to preempt$esvice is specific to the
system being modeled, and the Entity Group construct allows the user tolosxdctly which entities are
preempted.

Scheduled preemption is used for preempting mobile resources (resmiitoes) and is based on the
requirements of a resource schedule. Within a defined resourceuteh#dte user indicates whether a
capacity or state change should be preemptive. Resource entity rulbe specified as part of a schedule
to precisely indicate which resource entities (according to type and attribilies) the schedule should
be applied to. Sometimes an allocated and seized resource entity needs éefigtpd from its current
controlling entity because (i) the resource entity needs to be reallocatedfterard controlling entity, (ii)
the resource entity needs to be sent to some other part of the modeldesgirg, or (iii) the resource entity
has a scheduled capacity reduction or state change. The entity holdirks lplcm/ide an OutResource
output port for routing the preempted resource entity so that the usetezadae (through modeling) how
to handle the post-processing of preempted entities.

4 DATA INPUT, COLLECTION, AND ANALYSIS

The subject matter of a simulation investigation or the sophistication of a modal difteates what type
of data needs to be collected from each simulation run and the amount ofedaiized to perform an
appropriate analysis. Simulation Studio is well-integrated with both SAS and JNHkeoadvantage of
the rich and powerful data processing and analysis capabilities availabfcimpackage. In this section,
we provide an overview of the various ways that Simulation Studio interactshwitin SAS and JMP for
data management, distribution fitting (input analysis), and experimental design

4.1 Data Management

Simulation Studio provides two special data object types to manage the collefuiatacluring a simulation
run. The first, adata model object, can be viewed as an in-memory representation of a SAS data set or
JMP table during a simulation run. It contains information and/or values spedifirows, columns, and
cells. The second type, asbservation object, represents one row from a data model object. It can be
viewed as the simulation-time representation of a data observation from a&@4aSet or a data row from

a JMP table. The data model and observation objects are used in Simulatiani$ba#is to represent data
for various access and collection tasks. For example, the Dataset Hhdadkrcan be used as a holding
facility for a data model object, making it useful for matrix computations, asassfibr modeling scenarios
that require repeated access to a data set (or look-up table) to pexfparticular computation. During

a simulation run, the contents of a data model object (such as individuatelhtzalues and observation
objects) stored in a Dataset Holder block can be pulled through useededutput ports and passed to
other blocks in the model.

In a Simulation Studio model, the Numeric Source, Text Source, and Oliser@ource blocks can be
used to input data to a model. The Numeric Source and Text Source blachseaised to read a column
of numbers or strings from a SAS data set or JMP table, while the Obsen&diorce block provides a
stream of data observation (row) objects from a SAS data set or JMP Edrlexample, the Observation
Source block can be used to read the rows from a data set and eitiggr @s®ntire row as attributes on
an entity or assign a subset of the data cell values in the row as attribue®©b&ervation Source block
can also be used to read in an entire SAS data set or JMP table.
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Simulation Studio has a number of blocks that can accumulate data and stoaedid@smodel object.
A data model can be accessed by other blocks in the simulation model via aat@utidt. For example, a
plot or table block can be connected to the OutData port of a Queue Statst@alick to visually display
the queue statistics (such as average waiting time) while the simulation model isgufihia@ contents
of a data model can also be saved at the end of a run as a SAS data sH¥lBrtable. Furthermore, a
Dataset Writer block can be used to save the contents of a data modelasbtiier a SAS data set or a
JMP table at any point during a simulation run. The data saving operationgereid by a Boolean signal
that is sent to the Dataset Writer block from another block in the model.

In addition to the data collection blocks, Simulation Studio includes a SAS Prdglak that can be
used to execute a SAS program or a JMP script at any point during a simutatio For example, in a
simulation model of an inventory system, it may be necessary to update acpovdplan data set based
on the current state of the system. If the number of backlogged ordeesdx a certain level, a SAS
Program block can be signaled to execute a SAS program that genanaéss production plan data set
that is used to set production levels downstream in the model.

4.2 Input Analysis

The process of building a simulation model may include the need to identify ipilitpalistributions that
faithfully represent the behavior of the random input processeingrihe system under study. Given a
data set of values that represent observations of a particular raimgpaoinprocess, it is first necessary to
identify an appropriate distribution family and then estimate the corresponitripdtion parameters. The
accuracy of the simulation results depends on the quality of the distribution fingeput modeling one
of the critical problems in the design and construction of a simulation model. Tdoenatic distribution-
fitting procedure of JMP provides a list of candidate distributions andespanding estimated parameters
for a specified data set. The distribution fits are ranked using the Akaikemation criterion (Akaike
1974). Simulation Studio is integrated with JMP for input modeling capabilities $aitbaMP automatic
distribution-fitting procedure can be easily accessed through the Nunoenicesblock in Simulation Studio.
Figure 3 shows the results of JMP automatic distribution fitting applied to a column of datkedabe
bvar. The first distribution listed in th€onpar e Di st ri but i ons section of the output (Weibull) is
the top-ranked fit. After analyzing the fit results in JMP and selecting a disivily theCommit to
Si mul at i on St udi o button can be used to pass the selected distribution and its parameter vakies ba
to a Numeric Source block in Simulation Studio.

4.3 Design of Experiments

After building a simulation model and ensuring the system under investigaticttisaely reflected, a
typical next step is to systematically study the impact of various model inpatyEers on the simulation
output. Experimental design techniques can be used to generate amedficdesffective plan to guide your
simulation runs. Generating an experimental design begins by defining thegapmeters, or factors,
for a particular model. Possible factors for a simulation experiment might iacitaffing levels, rates
of work, or maximum lengths for queues. In general a simulation experimagt have many factors
and each factor is defined on a range of values, called levels. Nexinthéason performance measures,
or responses, are defined. Examples of responses include avedigeg times in queues, utilization of
resources, and total cost.

A design is a matrix in which each column corresponds to a factor and eadlcatied a design point)
corresponds to a particular combination of factor levels. Examples ofickgserimental designs include
factorials, fractional factorials, central composite, and Latin hypercuiiter establishing a design, the
simulation model is run for each design point and values of the resporesescarded. The primary goals
of experimental design are (i) to identify those factors that have the gteatpact on the responses; (ii)
to categorize the nature of the impact of a particular factor on the respdfuseexample is the effect
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increasing, linear, or quadratic); and (iii) to determine if factor interactexist, that is, to determine if
the levels of some factors influence the effects that other factors hatree aasponses (Sanchez and Wan
2009).

Once the factors and responses are defined in Simulation Studio for aufsartimodel, JMP can be
used to generate an experimental design. Simulation Studio interfaces witbaJt\i& given the factor and
response definitions, a default design is created by the JIMP customeleEd\S Institute Inc. 2010a) and
automatically passed back to the Experiment window in Simulation Studio. Theasalter the default
JMP design by adding, for example, additional design points, replicatéafevaction terms. Figurd
shows the Experiment window for a model of a repair shop. The threaerafyellow columns) denote
staffing levels at the Quality Control, Repair, and Service locations. Bpmnses (pink columns) include
the number of units fixed and the average wait at the Quality Control, Regyair,Service locations.
The default design generated by JMP has 12 design points and fiveatiepig are run for each design
point. Design point number 4 has been expanded to show the resultsctorogdts five replications.
The remaining design point rows display the average for each respoeseahe five replications. After
running an experiment, the results (that is, the entire contents of the Expénvirelow) can be passed
directly back to JMP for analysis. For example, the simulated results carebetagstimate a statistical
model, which in turn can be used to determine optimal levels of the factors sa faaticular response is
maximized or minimized. The results can also be saved as a SAS data set ottabldier later analysis.

i experiment0 o' @ R
FointMame | StardTime |[EndTime| MumService | MumRepair | MumQC | Replicates [MumFixed AvgWaitSerice | AvgWaitRepair | AvoiWaitQc
paoirt 1 0 540 3 3 3 | 2006\ 0.20334208365._ | 1. 7225502254 I
point 2 0 540 1 1 | 128/ 11179512843, | BH. 720387471 D.DBD?NS...'
point 3 0 540 1 1 2 | ] 12.8[11.179512843 | B9 7203874971 . il
point 4 0 540 3 1 1 w5 12.8|0.20334209365..| 77.196686747...|0.0307748..

1 11| 01008449346, 92.909135264...[0.0940027 ...
2 17 0] 36907046322, oy
3 12|101428243430..| 52076755616, IZI|
4 13 0] 106.00752937... il

a 11| 0.77304540581.. 97 BB2967157...[0.0598714...

point 8 0 a40 1 3 1 | 2 18.8(11.179512843.. | 1.0208693361...|5. 6643356,
point 6 0 540 3 2 2 | 19.4|0.20334209365...| 13.5982629415...|0.0088343..
point 7 0 540 3 2 1 | 19.4| 0.20334209365...| 13.420477847...|3.6801381..
point 8 0 540 3 1 2 | 12,8/ 0.20334209365..| 77156686747, oy
point 9 0 540 1 2 3 | 18.8(11.179512843.. | 81652148237 IZI|
point 10 0 540 2 3 2 | 20.6| 0.9660617922..| 14566200802, 0.253?848..]
point 11 0 540 2 1 3 | 12.8| 09660617922, | 76.394082104... IZI|
point 12 0 540 2 2 1 | 19.4| 09660617922, | 13.006529776... 3.?095480...'

Figure 4: An experimental design in the Simulation Studio Experiment window.

5 CONCLUSIONS

SAS Simulation Studio is an object-oriented, Java-based application foewisarent simulation that
features a hierarchical, entity-based approach to resource mandgehn@se resource entities can be
processed by the modeling blocks for regular entities, and they can bexd d®izother entities to fulfill
resource demands. There are many advantages to an entity-baseachpprcluding greater control over
complicated resource management issues such as scheduling and preemptio

SAS Simulation Studio is closely integrated with SAS and JMP for data managemeranalysis
capabilities. Special data model and observation objects are used to ntheagdiection of data during
a run and facilitate the inputting of SAS data sets or JMP tables to a model. Datd objpelets can be
saved as either a SAS data set or JMP table at any point during a simulatiofiorgystematically study
the effect of specific input parameters on the simulation model output,imgrgal designs can be created
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in JMP and passed back to the Experiment window in Simulation Studio. JMPlsate used to fit a
distribution to a specified data set, and the distribution, along with the conésypestimated parameters,
can easily be passed back to Simulation Studio for use as a model input.

SAS Simulation Studio is available as a component of SAS/OR software foatopes research and
is also available separately as an add-on to JMP. SAS Simulation Studio igt&appo 32-bit and 64-bit
Microsoft Windows platforms.
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